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Abstract

The Jet Propulsion Laboratory (JPL) catalog of near-Earth objects (NEOs) such as
asteroids and comets contains over 6600 asteroids and 150 comets as of February of
2010. This includes over 1000 potentially hazardous asteroids, or objects with orbits that
pass close enough to Earth to pose a potential impact threat. The asteroid community
believes there are a significant number of objects still undiscovered, which makes
finding, tracking, and calculating missions to study these objects an active area of
research. This study was based on finding orbit solutions using Earth gravity assist to
visit one near-Earth object (NEO) a year for 16 years with minimal characteristic
velocities for a conventional impulsive thrust propulsion system. Using a user-defined
launch date, the program iterates on a number of variables to populate lists of acceptable

targets and outputs key mission parameters and 3D plots of the orbits involved.
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MISSION PLANNING FOR MULTIPLE RENDEZVOUS OF NEAR-EARTH
ASTEROIDS USING EARTH GRAVITY ASSIST

l. Introduction

Motivation

The possibility of an asteroid or comet striking the Earth is a very real threat. The
space community tracks thousands of objects and there are potentially undiscovered
thousands. This creates what many call an interstellar “shooting gallery” within which
the Earth continually travels. William Napier, in the article Hazards from Comets and
Asteroids (as cited in Bostrom, and, Cirkovic, 2008) writes, “Multiplying the low
probability of an impact by its large consequences, one finds that the per capita impact
hazard is at the level associated with the hazards of air travel and the like. Unlike these
more mundane risks, however, the impact hazard is unbounded: a big one could end
civilization (2008: 234).” The rate of discovering new objects is somewhat alarming as
well. Napier writes, “The rate of discovery of Earth-crossers has been impressive, going
from 350 in 1995 to 3400 a decade later — of which about 800 are thought to be a
kilometer or more in diameter...It is generally thought that the total population of near-
Earth asteroids over a kilometer across is about 1100 (2008: 226).” He goes on to say
that this equates to an estimated impact of around one in every 500,000 years and that an
impact of an object over a kilometer or two would result in the end of civilization.
McCrea writes (as cited in Bostrom, and, Cirkovic, 2008) that the largest craters on Earth
are estimated to be the result of impact objects that release energy levels equivalent to,
“...100 million megatons TNT, or about 10 atomic bombs of Hiroshima size on each

square kilometer of the Earth’s surface (1981).” Napier says that this energy is released



in seconds and spreads around the globe on timescales measured in hours (2008: 225).
Because of the potential consequences of an impact, it behooves all of society to gain as
much knowledge as possible about these objects and their orbit characteristics to aid in
possibly defending against such threats. It is difficult to estimate from observatories on
Earth the key object characteristics that are pivotal for planning an impact defense, such
as size, density, and shape. Because of this, it is critical to send robotic probes or even
human missions to such objects to gather this needed data and to expand our knowledge
about this threat.

There are many papers written outlining multiple rendezvous of asteroids, but
many rely on less understood propulsion techniques rather than conventional chemical
thrust devices. Many also use very complicated orbit maneuvers that require
computationally challenging techniques that are prone to errors. This research work
concentrates on keeping the rendezvous mechanics simple and fuel usage minimal to
allow for years of gathering data about multiple asteroids. The research utilizes data
collected by JPL of the thousands of near-Earth objects (NEOs) that could lend itself to
such spacecraft missions. As mentioned, the asteroid community believes there are a
significant number of objects still undiscovered, which makes finding, tracking, and
calculating missions to study these objects an active area of research. This study was
based on finding orbit solutions using Earth gravity assist to visit one space object a year
for 16 years. Using a user-defined launch date, the program iterates on a number of
variables to populate lists of acceptable targets and outputs key mission parameters and

three-dimensional plots of the orbits involved. Instituting such a 16-year mission would



more than pay for itself from the value of the knowledge gained and could potentially
have an immeasurable return on investment (ROI) if it aided in the discovery and

prevention of a civilization-ending impact.

Problem Statement

There are thousands of NEOs and many decision variables involved that change
the potential orbital mechanics. This creates a solution space that requires approximately
N! (factorial) calculations. With N in this case being over 6000, the calculations that are
required to search the entire solution space are truly astronomical. The easiest way to
handle this is to invoke enough constraints to make the problem more manageable. In
this research, the main question to ask is how to visit one NEO a year for 16 consecutive
years with only utilizing small velocity change maneuvers in deep space. Another
constraint is requiring the magnitude of the transfer velocity vector to be approximately
equal to the magnitude of Earth’s velocity vector. This constraint is important because it
virtually guarantees the transfer periods to potential asteroids to be equivalent to the
orbital period of the Earth. If this happens, the spacecraft will return with the Earth in
almost the same location as when the transfer trajectory started. This has the added
bonus of minimizing the characteristic velocity required to gain the Earth’s gravity assist.
Finally, only two-body orbital mechanics are considered. This is the basic problem
statement for this research. The following sections outline the details required to address

this problem more completely.



Research Objectives

The objective of this research was to investigate the solution space with a given
launch date to see if at least one asteroid or comet solution was available for each year
from 2010 to 2025. The major constraint is that the spacecraft would only undergo one
deep space maneuver (DSM), which would set the spacecraft up to use Earth’s gravity to
turn its incoming velocity vector into that required for a transfer trajectory to another

object.

Research Focus

The work presented here focused on studying the two-body equations of motion
for finding proof-of-concept solutions within the asteroid/comet catalogs developed and
maintained by the Jet Propulsion Laboratory (JPL). A more robust analysis would
numerically integrate the N-body affects of the major planets to see their effect on
perturbing the transfer orbits, but this is something for follow-on research to tackle.

This research also focused on using conventional spacecraft propulsion
technologies, which include chemical-based impulsive thrust devices. Even though
devices such as ion thrusters and pulsed plasma devices are maturing, this author feels
that the orbit community currently has more knowledge and familiarity with chemical
impulsive thrust devices. Finding solutions with this approach leads to a quicker timeline
for possible missions since one does not have to wait for the propulsion technology to

catch up to the orbital mechanics theory.



1. Literature Review

Below are research papers that setup many of the concepts used in this research.
The discussion focuses on their approach to the problem and the applicability to this
research. The headings are the titles of the papers of interest. The section concludes with

some suggested papers for the interested reader.

Design and optimization of Trajectory to Near-Earth Asteroid for Sample Return
Mission Using Gravity Assists

Xu, Cui, Qiao, and Luan wrote about their research on this topic in 2007 and it is
relevant because they too look at multiple asteroid rendezvous utilizing Earth gravity
assist (EGA) and DSMs to accomplish this goal. They also approach the problem
utilizing conventional impulsive thrust propulsion systems and utilize data presented
from the JPL website for locating the asteroids of interest. The major difference in their
research is that they do not include the one-year trajectory period constraint, nor do they
limit the number of EGAs. For instance, they look at harmonic EGAs, such as 2:1(),
which means that the Earth will go through 2 orbits around the sun and the spacecraft will
go through 1 orbit before it rendezvous with the object of interest. The + indicates
whether or not the spacecraft approaches the Earth after or before the spacecraft passes

the line of apsides. Below is an adapted table of their results (2007:224).



Table 1: Solutions for the difference method

Initial design parameters | The optimal solution with EA
Launch Time 6/13/2007 6/10/2007
Flyby 16490 12/27/2007 12/28/2007
Flyby min-D (km)* 1750 1652
DSM date 6/12/2008 6/12/2008
Flyby 11300 8/27/2008 8/27/2008
Flyby min-D (km)* 2100 1890
Swingby date 5/24/2009 5/24/2009
Rendezvous date 7/20/2010 7/25/2010
Total AV (km/s) 5.465 5.284
Flight time (days) 1133 1140
*Flyby min-D (km) indicates the minimum distance at asteroid flyby
** EAis Earth Assist

The equations and approach used in this research are similar to those utilized by these
authors except for some of the constraints used. Later sections will outline the

constraints of this research.

Optimal Trajectory Generation for Multiple Asteroid Rendezvous

Koeppel wrote about his research on this topic in 2007 and is relevant because it
too attempts searches for optimal trajectories to multiple asteroids. He also utilizes
MATLAB for dynamic optimization of the problem and appears to also use the JPL NEO
website to generate the asteroid ephemerides. His results also include three-dimensional
plots of the Sun, Earth, the asteroid’s orbit, and the spacecraft’s trajectory, but since he
analyzes a low-thrust device, the spacecraft takes on spiral trajectories. The major
difference is that he uses constant, low-thrust propulsion on which to base the orbit
mechanics involved. Because of this, he has to numerically integrate the equations of
motion in order to keep track of the spacecraft’s position, velocities, and accelerations
with respect to time. He also did not concern himself with the timeframe constraint of

one year as is done in this research. This is a good resource for ideas if solving multiple



asteroid rendezvous utilizing a constant thrust device, but is too different to offer much

insight into the problem as constrained in this research.

Mission Planning for Close-Proximity Satellites

Witt wrote about his research on this topic in 2009 and is relevant because it uses
p-iteration code to solve the Gauss problem, which is also a problem analyzed in this
research. He analyzes the case of having a conventional impulsive thrust propulsion
system and utilizes the two-body equations of motion for his orbits. The main difference
is that he looks at multiple rendezvous of Earth-based spacecraft as his trajectory goal.
His focus is, therefore, within the Earth’s gravity well as opposed to interplanetary flight,

which is the focus of this research.

Spacecraft Trajectory Design For Tours of Multiple Small Bodies

Barbee, Davis, and Hur-Diaz wrote about this research in 2009 and it is relevant
because their goal is also to rendezvous with many different asteroids within a desired
timeframe. They also utilize the JPL NEO website to provide the asteroid ephemeris
data. Similarly to Koeppel, they did their research as part of the annual Global Trajectory
Optimization Competition (GTOC). The European Space Agency's Advanced Concepts
Team organized the first GTOC in 2005 and the competition has since become something
that the winner of each organizes for the next year (Dunbar, 2007: n.pag.). Again, the
main difference is that their research utilizes low, constant thrust propulsion to visit
multiple asteroids in series before returning to Earth. Their spacecraft has an estimated
I, 0of 3000 seconds, a dry mass of 500 kg, and an overall mass of 1500 kg. They show

their results in a very concise way, which is adapted in Table 2 below (2009:18).



Table 2: GTOCA4 Asteroid Itinerary and Spacecraft Mass Evolution

Asteroid Segment Type|Time (MJD)*| Date** |Spacecraft Mass (kg)|Am (kg)**|AV (m/s)**
162173 Flyby 59224 30-Jan-21 1500.000 - -
140158 Flyby 59353 8-Jun-21 1436.279 63.721 3529.0

2008EE9 Flyby 59443 6-Sep-21 1387.355 48.924 2746.4
1983LC Flyby 59489 22-Oct-21 1372.457 14.898 863.8

2000QV7 Flyby 59591 1-Feb-22 1312.762 59.695 3318.1

2003J014 Flyby 59703 24-May-22 1265.080 47.682 2679.8
2007YF Flyby 59808 6-Sep-22 1238.010 27.070 1551.2
2006RJ1 Flyby 59894 1-Dec-22 1204.406 33.604 1913.7

2001SY169 Flyby 59964 9-Feb-23 1200.832 3.574 209.5

2003GX Flyby 60033 19-Apr-23 1180.349 20.483 1181.2

2005YP180 Flyby 60112 7-Jul-23 1156.602 23.747 1365.1
2003LH Flyby 60203 6-Oct-23 1147.390 9.212 537.1
22753 Flyby 60306 17-Jan-24 1139.755 7.635 445.8
1991FB Flyby 60378 29-Mar-24 1133.069 6.686 390.8
2005BG28 Flyby 60488 17-Jul-24 1090.918 42.151 2381.2
2007XH16 Flyby 60600 6-Nov-24 1076.019 14.899 863.9
153002 Flyby 60720 6-Mar-25 1019.515 56.504 3149.9
2003YG136 Flyby 60777 2-May-25 972.617 46.898 2637.6
2007VB138 Flyby 60874 7-Aug-25 956.146 16.471 953.5

2007DJ8 Flyby 60988 29-Nov-25 946.000 10.146 591.0

2008GF1 Flyby 61048 28-Jan-26 915.642 30.358 1734.1
2004FD Flyby 61119 9-Apr-26 907.265 8.377 488.8

1994WR12 Flyby 61225 24-Jul-26 893.045 14.220 825.0
2008EL85 Flyby 61338 14-Nov-26 883.581 9.464 551.7
2001BA16 Flyby 61452 8-Mar-27 863.138 20.443 1178.9
2004Kz Flyby 61568 2-Jul-27 847.591 15.547 900.9
2007CR5 Flyby 61659 1-Oct-27 790.146 57.445 3199.6
2008TP26 Flyby 61711 22-Nov-27 776.823 13.323 773.7
2005XN27 Flyby 61823 13-Mar-28 768.677 8.146 475.4
2005UH6 Flyby 61937 5-Jul-28 757.828 10.849 631.5
1998DK36 Flyby 62025 1-Oct-28 748.300 9.528 555.4
175706 Flyby 62097 12-Dec-28 722.532 25.768 1478.4
4769 Flyby 62178 3-Mar-29 698.908 23.624 1358.2
2008TS26 Flyby 62244 8-May-29 684.545 14.363 833.2
175729 Flyby 62360 1-Sep-29 677.364 7.181 419.5
200057162 Flyby 62480 30-Dec-29 659.040 18.324 1058.9
141851 Flyby 62537 25-Feb-30 651.134 7.906 461.6

2001U0 Flyby 62611 10-May-30 636.500 14.634 848.7

1997US2 Flyby 62657 25-Jun-30 630.486 6.014 351.8
2005CN Rendezvous 62781 27-0ct-30 581.300 49.186 2760.5

* MJD found by subtracting 2400000.5 from the Julian Date Total| 918.7 52194.4

** Added column




One goal of this research is to similarly tabulate results to more concisely communicate

the intent of the research to the reader.

Suggested Reading
1. Analysis of V,, Leveraging for Interplanetary Missions
e Written by Sims, and Longuski in 1994, this research explores the idea of
EGA harmonics in visiting the interior planets (those closer to the Sun
than the Earth) and also how they might be used to visit the outer planets.
They also outline the mathematics involved for the problem and provide
vector diagrams for the velocities involved and how they change via an
EGA.
2. V. Leveraging for Interplanetary Missions: Multiple-Revolution Orbit
Techniques
e Written by Sims, Longuski, and Staugler in 1997, this research outlines, in
detail, the mathematics used for EGAs and shows some results of their
application to orbit rendezvous.
3. Optimization of AV Earth-Gravity-Assist Trajectories
e Written by Casalino, Colasurdo, and Pastrone in 1998, this research takes
the approach outlined in Sims et al. and expands on some of the

mathematics for EGAs.



4. Minimum-Fuel Escape from Two-Body Sun-Earth System
e Written by Colasurdo and Casalino in 1999, this research expands on their
1998 paper by looking at more EGA harmonic combinations and the
resulting possible orbit distances.
5. Simple Strategy for Powered Swingby
e Written by Casalino, Cloasurdo, and Pastrone in 1999, this research
explores the geometry for a planetary flyby, the turning angle, and the
energy involved. It also looks at the velocities involved inside and outside
of the SOI for the planet of interest.
6. Evaluating Accessibility of Near-Earth Asteroids via Earth Gravity Assists
e Written by Qiao, Cui, and Cui in 2006, this research is the precursor to
their work in 2007 outlined above. It describes some of the mathematics
used in harmonic EGAs and they produce a concise table comparing the
results of their approach to that of other authors.
7. Optimization of Interplanetary Trajectories for Impulsive and Continuous
Asteroid Deflection
e Written by Izzo in 2007, this paper is not entirely applicable since it
focuses on trying to change the orbit of a desired asteroid, but it does have
some good discussion about asteroid characteristics and their orbit
properties. It is an interesting read, however, since it approaches the

problem of defending against potentially hazardous asteroids.

10



No one paper or research was found that approaches the multiple asteroid
rendezvous problem the same as shown in this research. However, this research does use
concepts outlined in many of the papers above. One is encouraged to read these sources
if interested in this topic and desire more background information for some of the

concepts involved.

I11.  Methodology

Orbit Basics

The problem of finding asteroids, planning a mission to visit one, and iterating to
find low-energy follow-on trajectories begins by having a basic understanding of orbital
mechanics. The first thing to consider is that all objects in the solar system are subject to
the law of gravitation, which says that any object containing mass will be drawn to any
and all other objects that have mass. Taken to the extreme, this says that there is a
gravitational attraction between a piece of sand on Earth and a particle on Mars. For
practical approaches, one takes on a macroscopic perspective, which considers objects to
be point masses. The major players for orbit mechanics are the Sun and the planets. All
the smaller objects are drawn more to either the Sun or the planets depending on which
Solar System body is closest. A later section on a body’s sphere of influence (SOI) will
explore this idea in detail.

The law that governs the gravitation between objects is a form of Sir Isaac
Newton’s (1642-1727) classic equation relating a force to acceleration through its mass:

F =ma (1)
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Where F is force, m is mass, and a is acceleration (Wiesel, 1997: 24). The bold indicates
that the variable is a vector, or that it contains information regarding the direction of the
quantity. Rearranging equation 1 and accounting for gravity and the distance between the
two objects yields the gravity force between them as shown in equation 2. Spaceflight
Dynamics by Wiesel outlines the details of this derivation (1997: 26):

_Gmm,r ()
g = -

r2 r

Here, G is the universal gravitational constant and r is the distance between the objects.
G is approximately equal to 6.6695 * 10~ N * m? /kg? (Wie, 2008: 222). The bold r
over r indicates a unit vector in the direction of the gravity force. A unit vector simply
indicates a direction and has a magnitude equal to one.

With an understanding of the gravitational force between bodies in the solar
system, it is useful to look at Kepler’s laws, which add further understanding of the basic
orbit mechanics problem. Johannes Kepler (1571-1630) observed the motions of the
planets and came up with relationships that Newton later refined utilizing his mechanics
methods (Roddy, 2006). Kepler’s first law states that the orbits of the planets are
elliptical with the Sun being at one of the foci. His second law states that a planet will
sweep out equal areas for equal timeframes of its orbit plane. This means that when a
satellite is closer to the body it orbits, it moves faster and slower when it is farther away.
Throughout this paper, the term satellite will be used as any object orbiting a body.
Therefore, in some contexts, it will mean a planet, in others a human-made orbiting

object, and other times it could mean an asteroid or comet. Kepler’s third law states that,
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““...the square of the periodic time of orbit is proportional to the cube of the mean
distance between the two bodies (Roddy, 2006: 31).” In simple terms, this means that the
motion of a satellite is proportional to the orbit’s size as shown in equation 3 (Vallado,

1997: 113).

H 3)

Here, n is mean motion in radians per second, a is the semimajor axis of the orbit, and p
is the gravitational constant of the body being orbited and is equivalent to the product of
the universal gravitational constant and the body’s mass. The p values used in this
research are 3.986005 * 10** m3/s? for Earth (Wertz, 1997: 819) and
1.32712440018 = 102° m3/s? for the Sun (www.planck.com). In lieu of the product of
G and a body’s mass, calculations use the body’s gravitational constant because its
measurement is more accurate when compared to finding a body’s mass.

Having the basics outlined by Kepler and Newton allows one to approach the
types of orbits possible for a satellite. If one slices a right cone in different ways, the
result is the basic orbit shapes called conic sections. Figure 1 shows these (Mendez,

2000).
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Figure 1: Conic Sections

These shapes, when applied to orbits, are quantified by the term eccentricity, e. Table 3
shows the values that eccentricities take on and the associated shape.

Table 3: Orbit Shapes and Eccentricities

e Orbit Shape
0 Circle
1 Parabola
0<e<l1 Ellipse
1<e Hyperbola

Because the bulk of analysis in this research deals with elliptical orbits, further attention
is given to understand some of the nomenclature and mathematical relationships for this
type of orbit. As mentioned above, the semimajor axis describes the size of an orbit and

figure 2 shows how it is measured in the orbit plane.
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Figure 2: Semimajor Axis

To locate a satellite in its orbit, one needs to know the point at which the satellite
passes closest to a focus and then the point when it is farthest away from the same focus.
These locations are the periapsis, rp, and apoapsis, r,, of the orbit respectively. The line
connecting these two points, called the apse line, defines the eccentricity vector direction.
One can also think of this line as a centerline because the orbit mirrors itself above and

below this line. Figure 3 shows all of these concepts.

Figure 3: Apse Line

The final step in identifying the satellite in its orbit is to define an x and y-axis,
which is along the apse line and perpendicular to it respectively. From the x-axis, draw
an angle counterclockwise to the line connecting the focus and the satellite, r. This angle

is called true anomaly, 8. Two other quantities useful for calculating orbit parameters are
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the semiminor axis, b, which is the maximum height of the ellipse along the y-axis and
the semilatus rectum, p, which is the distance from the focus to the ellipse along the y-
axis. All of these quantities form the perifocal frame, or the frame that defines the orbit
of the satellite in two dimensions around the body at one of the foci. Figure 4 represents

this frame.

Figure 4: Perifocal Frame

Shown below are all of the equations relating these quantities (Wiesel, 1997: 55-59).

p=a(l-e?) “4)
_ p (%)

" 1+¥ecosh

r, =a(l—e) (6)

r,=a(l+e) (7)

b=ay1-e? (®)
a4 = f: ; Ta 9)

As one can see, some basic knowledge about the orbit is required in order to

calculate many of these quantities. Typically, one will know the periapsis distance and
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the eccentricity. With these, computation of all the other quantities is possible. To put
the position of the satellite in vector form in the perifocal coordinate frame, one can use
the following (Wiesel, 1997: 65):
cos (10)
r=r|sinf
0

The following gives the velocity in vector form (Wiesel, 1997: 66):

M —sin@ (11)
v= |—|e+cosfO
PL o

Utilizing these two quantities, one can find the vector form of the angular momentum as
shown below (Wiesel, 1997: 62).

h=rxv (12)
If one expands out the cross product, the result is the following

0 (13)
h = 0

(rxvy) = (ryvi)

where 1y and ry are the distances away from the origin along the x-axis and y-axis
respectively. Similarly, v, and vy are the velocities along the x-axis and y-axis
respectively. One can see that the angular momentum vector has no components along
the plane defined by the x and y axes since it is perpendicular to this plane.

Some other valuable quantities describing the orbit are now possible. Shown
below is the orbital period, T, or the time the satellite takes to complete one revolution. &
is the energy of the satellite and H is its angular momentum, which are both constant

throughout the orbit (Wiesel, 1997: 56):
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(14)

a3
T =2m |[—
U
H=up (15)
__H (16)
2a

All of these equations contribute to understanding the orbit of the object of interest. The
next step is to build on this two-dimensional case and gain an understanding of the three-

dimensional aspects of an orbit.

Finding the Planets and Asteroids

The first thing to establish for the three-dimensional case of orbit mechanics is a
frame of reference, or a starting point, in which to relate distance and velocity values.
Because this problem deals with asteroids, it is convenient to utilize the Sun-centered
reference frame. Also called the heliocentric reference frame, this puts the sun at the
center of the frame and all measurements refer back to this point. The goal of this section
is to locate the perifocal frame of the orbiting object within the heliocentric system. To
start, one finds the X-axis of this system. To make calculations easier, one uses an
inertial frame, which means that the frame has no relative motion or accelerations. To
accomplish this, the heliocentric system’s X-axis is defined by the first point of Aries,
which is a point in space so far away that it appears relatively stationary throughout time
(Roddy, 2006: 67). The system’s Y-axis is then 90 degrees away from the X-axis along
the Sun’s equator plane. The Z-axis completes the frame by being orthogonal

(perpendicular) to the plane created by the X and Y axes (Vallado, 1997).
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Having established the frame, one can now define angles that enable one to locate
the perifocal frame outlined above. As the satellite moves along in its orbit, there is a
point, called the descending node, where it will go from being above the ecliptic plane to
below it. At some point later in time, the satellite will move from being below the
ecliptic plane to above it, which is the ascending node. The line connecting these points
is the line of nodes. One locates the line of nodes by defining an angle, the longitude of
the ascending node, Q, measured from the heliocentric X-axis. The next angle,
inclination, i, helps define how the perifocal frame is inclined compared to the ecliptic
plane. One measures inclination from the Z-axis of the ecliptic to the angular momentum
vector of the satellite’s orbit. To finish identifying the orientation of the perifocal frame
within the heliocentric frame, one needs one more angle, the argument of periapsis, o.
One measures the argument of periapsis from the line of nodes to the eccentricity vector
within the perifocal plane. From this point, one locates the satellite by using the
equations for the perifocal plane outlined above. Figure 5 shows these concepts

graphically (Petty, 2002).
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Figure 5: Orbital Elements

Using the angles described above, one is able to transform vectors in the perifocal

matrix described below (Vallado, 1997: 54).

frame into the inertial frame of reference. One accomplishes this by using a rotation
coscosw —sinQsinwcosi —cosQsinw —sinQcoswcosi  sinQsini (17)
R =|sinQcosw + cosQsinwcosi —sinQsinw+ cosQcoswcosi —cossini
sinw sin i cosw sini cosi

To find the inertial frame vector, one multiplies the perifocal frame vector by the rotation
matrix (Vallado, 1997: 54).

R =Rr (18)
V =Rv (19)
Uppercase letters denote heliocentric reference frame vectors
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Utilizing these concepts, one is able to locate the planets and asteroids in the solar
system at a given time. This research uses ephemerides, or tables that include classic
orbital elements for the planets and asteroids, to locate the planets. Shown in Table 4

below is a sample of the ephemeris for the Earth (Yeomans, 2009).

Table 4: Sample Earth Ephemeris

JDCT Julian Date| e r i Q w L n M 0 a r T
2010-Jan-01 | 2455197.5 |0.01580.9833[0.0030|125.5417)337.5839| 2.7618 |0.9871[357.2739[357.1863|0.9990|1.0148 | 364.7220
2010-Jan-02 | 2455198.5 |0.01580.9833[0.0030|125.5116]337.2153| 1.3705 | 0.9870(358.6474[358.6038(0.9991|1.0148 |364.7430
2010-Jan-03 | 2455199.5 |0.0159]0.9833[0.0029|126.6811)335.6781| 0.0096 | 0.9869[359.9905[359.9902|0.9992]1.0150|364.7925

JDCT, Epoch Julian Date, Coordinate Time w, Argument of Perifocus (degrees) 0, True anomaly (degrees)
e, Eccentricity Tp, Time of periapsis relative to epoch (P-E) (day) a, Semi-major axis (AU)
rp, Periapsis distance (AU) n, Mean motion (degrees/day) r,, Apoapsis distance (AU)
i, Inclination w.r.t XY-plane (degrees) M, Mean anomaly (degrees) T, Orbital period (day)

Q, Longitude of Ascending Node, (degrees)

The ephemerides used include data for each planet for each day from January 1
2010 until December 31 2025. Finding each planet is not necessary for the problem
when the two-body equations of motion are used, but are important when one
numerically integrates the N-body problem to find transfer trajectories. Because it is
recommended as follow-on work to look at the N-body problem, locating the planets in
the solar system at a given moment in time is included in the code to make it easier for
such follow-on work. This makes it easy to locate the planet of interest, because it only
requires a table lookup for the key classic orbital elements. Using the equations above,
once can find the position and velocity vectors in the inertial frame. One needs to know
this information in order to do the calculations for leaving Earth and to know where the

Earth is on the return trip from an asteroid.
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True anomaly is not given for the asteroids because their orbital elements are just
a snapshot in time, which means one has to do a few more calculations to find the
position and velocity vectors. All the other classic orbital elements given for the planets
are also given for the asteroids, but the asteroid ephemerides do not include these
elements for each day like for the planets, so one has to propagate these quantities in
time. The asteroid ephemerides include one snapshot of the orbit for each of the 6509
asteroids examined for this research. Table 5 shows an example of some asteroid

ephemerides (Yeomans, 2009).

Table 5: Sample Asteroid Ephemeris

Object # Object Class | Epoch a e i w Q M o Ia T
1 433 Eros AVO 55200 [1.458105[0.222789(10.82932|178.7591|304.3716|303.67/77988(1.1333|1.78[1.76
2 719 Albert| AWO 55200 [2.627522|0.552836|11.56081| 155.8166| 184.0614| 344.0968609|1.1749|4.08(4.26
3 887 Alinda| AVO 55200 [2.479046| 0.56688 |9.352891|350.3277| 110.5632| 54.5322917 {1.0737|3.88| 3.9

Osculating epoch of the elements given as the modified Julian date (Julian date -

Epoch Q (deg) Longitude of the ascending node in degrees

2400000.5) TDB

a (AU)  Semi-major axis of the orbit in AU M (deg) Meananomaly at epoch in degrees

e Eccentricity of the orbit Tp (AU) Perihelion distance of the orbit in AU
i (deg) Inclination of the orbit with respect to the ecliptic plane and the equinox of J2000 in r,(AU)  Aphelion distance of the orbit in AU

2 earces o
grees
w (deg) Argument of perihelion in degrees T (yr) Orbital period in Julian years
Class Object classification: NEA="Near-Earth Asteroid", AMO="Amor", APO="Apollo", ATE="Aten", or IEO="Interior Earth Object". A trailing "*" indicates the

object is also a potentially hazardous asteroid.

Appendix A shows a complete list of the asteroid ephemerides used in this research.
This research also looks at the possibility of flying by a comet. Table 6 below is a

sample of the comet ephemerides (Yeomans, 2009).
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Table 6: Sample Comet Ephemeris

Object #| Object Epoch e i w Q Mo ra T
1 1P/Halley 49400 |0.967143|162.2627|111.3325|58.42008| 0.585978| 35.08 75.32
2 2P/Encke 55044 |0.847946|11.78285| 186.4988| 334.5696/0.336976| 4.1 3.3
3 | 30/Biela | -9480 |0.751299| 13.2164 | 221.6588] 250.669 |0.879073] 6.19 | 6.65
Epoch Osculajtrﬁga ;Iz;;}el :)Jf ut]?:nedlz?ge-n; (g);)v;or:) tass)t;eD rlrsmdiﬁed Q (deg) Longitude of t:ee garles::nding node in
e Eccentricity of the orbit T, (AU) Perihelion distance of the orbit in AU

. Inclination of the orbit with respect to the ecliptic plane and
i(deg) v P puep

Aphelion dist f the orbit in AU
the equinox of J2000 in degrees ra (AU) phelion distance o the orbitin

w (deg) Argument of perihelion in de grees T (yr) Orbital period in Julian years

Appendix B shows a complete list of the comet ephemerides used in this research.

To find these objects, one starts with the mean anomaly, M, to locate the eccentric
anomaly, E. One can think of these as merely angles that will be helpful in determining
the true anomaly, which is useful in obtaining positions and velocities. M is handy
because it increments linearly via n. E is a means of connecting M to the true anomaly.
This research uses mean anomaly to find the time since periapsis passage for the asteroid

via the equation below (Wiesel, 1997: 59).

20
w=Ea-n )

One sees that the first term is simply the mean motion, n; the t in this equation is the
epoch time, since M is given for the epoch time. The unknown, T, is the time of
periapsis passage. Shown below is the relation between M and E (Wiesel, 1997: 58).
M=F —esinkE (21)
Since one typically knows M and e, the unknown here is E. However, since this is a
transcendental equation (the unknown variable cannot be algebraically separated and

isolated), the solution requires an iterative approach. This research uses the Newton-
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Raphson method to solve this equation. Shown below is this approach (Turns, 2006:
659).

f (xx) (22)

In words, this means that one guesses at the solution, Xy, to the transcendental equation,
f(xx), and subtracts the ratio of f(xy) to its derivative with respect to the independent
variable. The new estimated solution is Xx+;. One then runs this new solution into the
Newton-Raphson equation until the solution converges to a value that solves the
transcendental equation to the desired degree of accuracy.

With E known, one can solve for the true anomaly via the following (Wiesel,
1997: 59).

(23)

+e 1
9 =2tan?! tan (—E)

Now, one is able to use the equations outlined thus far to locate the asteroids and comets
of interest with respect to time. For more information and derivations of the equations

shown above, see Spaceflight Dynamics by Wiesel.

Solving the Gauss Problem

Carl Fredrich Gauss (1777-1855) later worked on predicting the future location of
Ceres, the first asteroid discovered that orbits between Mars and Jupiter, from three sets
of angle observations between 1801 and 1802 (Bate, Mueller, and White, 1971). He was
correct in calculating the propagated location of the asteroid. This may seem like a minor

accomplishment today when compared to the hundreds of new asteroids discovered,
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tracked, and orbits propagated every year, but this was a monumental display of
Mathematical prowess on the part of Gauss. Using two position vectors and time-of-
flight between them is another way to solve this problem and is what Bate, Mueller, and
White call the “Gauss problem” (1971: 228). Johann Heinrich Lambert (1728-1777)
worked on the problem of solving the differential equation relating two position vectors
and two times between them before Gauss, so this problem is sometimes referred to as
Lambert’s problem. Because Gauss’s approach lends itself more readily to this problem,
this research will refer to this as the Gauss problem.

Solution of the Gauss problem is pivotal in searching for solutions for orbit
rendezvous of asteroids and comets and is used extensively in this research to search the
enormous 6509! (factorial) solution space for feasible target objects. The code uses two
approaches to solve this problem; one is the universal variable method, and the other is
the p-iteration method. Outlined below is the universal variable method, since it is the
preferred method for this research. For information regarding the p-iteration technique,
see Fundamentals of Astrodynamics by Bate, Mueller, and White.

The problem starts with the position of the spacecraft orbiting the Earth, R;. The
spacecraft occupies this position at the moment right before it maneuvers into the
trajectory to get to a chosen asteroid or comet. The next decision is the desired time-of-
flight, At. This research includes a parametric study on the time-of-flight to find values
that correspond to the most solutions possible. A section below outlines this study. R; is

the position of the NEO at t+At, where R is its position at the time, t. The Gauss
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problem requires these two position vectors and their magnitudes. Shown below are the

magnitude calculations.

24
R1 = \/Rlxz + Rlyz + Rlzz ( )

25
R2 = \/szz + R2y2 + RZZZ ( )

Also required in the Gauss calculations is the angle between these two vectors, v. Shown

below is the calculation to find this quantity.

Ri‘R 26

v=cos™! (—1 2) (26)
RiR,

The universal variables method uses many dummy variables to connect the positions to

the end-result, which are two velocity vectors. Shown below is the first of these

variables, A (Bate, Mueller, and White, 1971: 237):

A = DM\/R,R,(1 + cosv) (27)
The only unknown in this equation is the direction of motion (DM) of the spacecraft. The
geometry allows two solutions to this problem, one being a “short” way and the other a
“long” way. Shown below is a depiction of this geometry option, which has been

adapted from Bate, Mueller, and White by Captain Barry Witt.
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Short-way Long-way

Figure 6: Gauss Problem Geometry

If one chooses the short way, DM takes the value of +1; it is equal to —1 if one chooses
the long way.

The tricky part to this method is that it requires iterating on time-of-flight in
equation 28 to find F(z) equal to zero. This requires finding the dummy variable, z, to

find At and then z is iterated until the solution At is equal to the desired value.

F(z) = (x*)S(2) + A\/; - \/ﬁAt (28)
So, one picks a starting value of z and then evaluates the following. Equations 29 and 30

show the Stumpff functions, which begin the process (Bate, Mueller, and White, 1971:

196):
1 z z2 z2 z* (29)
TR TR T TR TT A
1 z z2 z3 z* (30)
S@) =gt

31 507t 9 11!
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These feed into the next set of dummy variables, y, and x. Equations 31 and 32 relate
these variables and are the next step in the process (Bate, Mueller, and White, 1971: 232-
233):

(1-25@) a1
JC(2)

y=R1+R2—A

5 (32)

€@

At this point, the goal is to get F(z) equal to zero, which would indicate that the
chosen value of z is the correct value to produce the desired At. It is unlikely that the
initial chosen value of z will be correct and one will have to perform iterations to get this
equation to converge on a solution. Once again, this research uses the Newton-Raphson
method. To do this, one needs the derivative of F(z) with respect to z. This equation is
different depending on if z is equal to zero or not. Equations 33 and 34 show the
different cases and come from Orbital Mechanics for Engineering Students by Curtis

(2005: 187):

F'(2) = 2 y(0): +§[,/y(0) +A /%] for z=0 (33)

P = 2] { [c() - 252] 4 350}, 4 8 35 s +A\/§] or 70 O

C(2) 2C(2) 4 C(2) C(z)
Equation 35 outlines how to find the next value of z to try:

F(z) (35)

Zi+1 = Z; —m
2

Once the z value above produces a desired tolerance, or difference in the chosen value

and calculated value (10”-14 is used in this research), in the At the z is considered to be
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the solution required. One uses this z value to calculate the Lagrange coefficients as

shown in equations 36-39 (Bate, Mueller, and White, 1971: 233):

. Y@ (36)
f=1-"
U

. Y@ (38)
=1- R

(39)
. W ’y(Z)
f= R.R, E[ZS(Z) —1]

Equations 40 and 41 produce the desired velocity vectors (Bate, Mueller, and White,
1971: 233):

R; —fRy (40)
g

_gR; — Ry (41)

Vy=—"——
g

The V; vector is what is needed to be on the transfer trajectory to visit the desired object

that will be at R, after At passes. Since the spacecraft will have a velocity associated

with its parking orbit around the Earth that will differ from V3, the characteristic velocity

required to get the spacecraft onto the transfer orbit from the parking orbit is found via

equation 42:

42
AV1=\/V12x+V12y+V122_\/Vs§c+Vs§1+Vs% 42)
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Where V., are the components of the velocity vector of the spacecraft in its parking
orbit after it has been rotated into the heliocentric reference frame. Characteristic
velocities, more often called delta-V’s are important quantities in orbital mechanics
because they represent the amount of energy or fuel required to maneuver through space.
Fundamentals of Electric Propulsion: lon and Hall Thrusters by Goebel, and Katz

outlines the approximate amount of fuel, my, required for a given AV (2008: 17):

AV ] (43)

my, =my [elsz’*go -1

Where myq is the dry mass of the spacecraft (without fuel); I, is the specific impulse of
the engines and ranges between approximately 250-400 seconds for conventional
impulsive thrust devices; and g is the acceleration due to gravity at sea-level for Earth.
In most spacecraft applications, the amount of propellant available is a known value, so
this constrains the amount of AV that a spacecraft can produce in its lifetime. Equation

44 shows the amount of AV possible for an amount of fuel (Goebel and Katz, 2008: 17):

m,; +m
AV = (I, * go)In (%) (44)

Equations 43 and 44 will be used later to compare Table 2 to the results of this research.
This will put the spacecraft on a transfer trajectory to visit an NEO, but one still
needs to do some work to learn more about this transfer trajectory. Knowing R; and V;
allows one to use the methods outlined in Spaceflight Dynamics by Wiesel to find the
classic orbital elements pertaining to this transfer orbit. Start with the angular momentum
equation as shown before, but modified to show the variables of interest (Wiesel, 1997:

62):
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H=RyxV, (45)
One can then find the energy of the orbit, its eccentricity vector, and n (Wiesel, 1997:
62):

H (46)

With the energy, one can now find the semimajor axis (Wiesel, 1997: 62):

__F (47)
2&
_1 HRy (43)
e= M<V1 X H R )
_ kxH (49)
"=k x H|

where k =[0,0,1]. This leads to Q (Wiesel, 1997: 62):

n = cos (i + sin () (50)
Utilizing the cosine and sine of Q from the equation above and equating the values to the
coefficients for the i and j components of equation 48 allows one to find Q in its proper

quadrant. Next, find the inclination via the following equation (Wiesel, 1997: 62):

i =cos™t (liTll-I) D)

The argument of periapsis for the orbit is determined next (Wiesel, 1997: 63):

w = cos™ ! (nIT:Ie) (52)

This equation is correct if e - k > 0. If this is not true, then w requires a quadrant

adjustment. Next, find true anomaly (Wiesel, 1997: 63):
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0= cos™t (21) (53)
eRr;

If Ry -V{ > 0, then 0 < 180 degrees. With true anomaly, one can get eccentric anomaly
using the following equation (Wiesel, 1997: 63):

1—et 0 (54)
1+e anz

E =2tan!

Using this, one can find the mean anomaly (Wiesel, 1997: 63):

E . (55)
M = ;(tO—To) =FE —esinE

This equation provides the solution for finding the time since periapsis passage. These
equations allow one to find the spacecraft in the perifocal frame of the transfer orbit for
any given time after the initial maneuver.

The spacecraft will travel along this orbit henceforth unless one performs another
maneuver. After At has passed, the spacecraft will encounter the chosen NEO. At this
point, the spacecraft can either continue on the transfer orbit trajectory and flyby the
object, or perform another delta-V to put the spacecraft into the same orbit as the object.
The solution to the Gauss problem provides the velocity vector along the transfer orbit at
the point of potential rendezvous. The following equation provides the delta-V required

for a rendezvous:

: 2 ~ 56)
AV, = (VOx - VZx) + (VOy - VZy) + (VOZ —Vaz)

Vo is the velocity of the NEO at time At. If one does not wish to rendezvous, but merely

flyby the object, this delta-V then represents the relative flyby speed.
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One utilizes a rotation matrix once again to find the position and velocity vectors
of the transfer orbit in the heliocentric frame. Wiesel outlines how to use the following

vectors to define a rotation matrix to transform perifocal vectors into the inertial frame

(1997: 67):
p=§ (57)
wzﬁ (58)
h
q=wXxp (59)
R=[p q w] (60)

One uses the rotation matrix, R, the same way as shown before to transform a vector
from the perifocal frame to the inertial frame.

This completes the information required to find the NEOs, flyby/rendezvous with
one, and represent vectors of interest in the inertial frame. The following sections outline
how to pick an appropriate object to visit and how to approach the return trajectory in

order to visit another NEO at virtually no delta-V expenditure.

Picking the First Object to Visit

The first thing to decide is a desired time-of-flight to use when solving the Gauss
problem for each asteroid. This is useful to see which number of days for the transfer
trajectory yields the maximum possible solutions to the Gauss problem. This was
completed from Earth’s sphere of influence (SOI) to the asteroid population. Shown

below in Figure 7 are the results of this study.
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Figure 7: Gauss Solutions vs. Time-of-Flight

This study started the spacecraft at the Earth’s SOI to avoid issues with the dynamics of
the orbit around the Earth. Appendix H has the full results of this study.

The next thing the user needs to decide when running the code for this research is
the desired launch date. To aid the user, a parametric study was done to see how varied
launch dates affected the possible solutions for less than 10 km/s initial delta-V
maneuvers from Earth’s SOI to the transfer trajectory. The time-of-flight parametric
study provided the At to use for the launch date study. Figures 8 and 9 show the results

of this study.
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Figure 8: Asteroid Solutions vs. Launch Date

Figure 9: Comet Solutions vs. Launch Date

When one utilizes these results to get from the Earth to the SOI, additional days
are required to account for getting from a parking orbit around Earth to the edge of the

SOI. The At used for the research is set at around half of a year to maximize the possible
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solutions to go from Earth orbit to the distances required for the bulk of the asteroids.

Shown below is the calculation to find Earth’s SOI (Curtis, 2005: 440):

2
o _ (T ©D
R mg

where rsoy is the radius of the SOI, R is the planet’s radius, m, is the planet’s mass, and
my is the Sun’s mass. The result of this is that the radius of Earth’s SOI is approximately
145 Earth radii. This distance is very small when compared to an astronomical unit
(AU), which is the average distance from the Sun to the Earth. One AU is approximately
23,455 Earth radii. The Earth’s SOI is only 0.6% of this value, which means that it is a
tiny speck when compared to the distances involved in this problem.

One of the desired constraints for this problem is that the transfer orbit period be
approximately equal to the period of the Earth around the Sun. This allows the spacecraft
to return when the Earth is at approximately the same location as it was when the
spacecraft left. The code utilizes a user-defined period tolerance (difference between the
transfer orbit period and Earth’s period) of between three and five days to sift through the
number of total solutions found via the universal variables Gauss problem solver. The
chosen At typically results in around three to five thousand solutions available out of the
6509 asteroids and 157 comets used for the research. With the period tolerance, delta-V
limit (set at lower than 10 km/s), and constraint that the magnitude of the departure orbit
be approximately equal to the magnitude of the velocity of the Earth around the sun, this
solution space decreases to around 20-40 possible objects to visit. Another parameter to

consider is the hyperbolic excess speed, v., (Wiesel, 1997: 308):
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Voo = V1 — Vg (62)
The magnitude of V., can be high if the spacecraft takes on a trajectory that is opposite in
direction to that of the Earth’s trajectory even if their magnitudes are equal. This and the
relative flyby speed mentioned above are the final things to minimize when choosing
from the approximate 20-40 solutions available for the first object to visit. One would
like a small relative flyby speed because if the object and the spacecraft are traveling in
opposite directions when they pass, it will be harder to take measurements/pictures of the
object due to the relative speeds involved.

With the method in place to select the launch date, time-of-flight, and first object
to visit, the next step is deciding how to pick the next object to visit while minimizing the
delta-V required. One accomplishes this by utilizing a deep space maneuver (DSM) to
return to Earth in such a way to use the Earth’s gravity to rotate the velocity of the

spacecraft into that required for a transfer trajectory to rendezvous with another NEO.

The Return Trajectory to Earth and Picking Subsequent Objects to Visit

After visiting the first NEO, if the spacecraft does a flyby, it will remain on the
same transfer trajectory orbit and will begin the return leg of the transfer trajectory to
Earth. The case where the spacecraft rendezvous with the NEO requires another solution
of the Gauss problem to put the spacecraft back on a return trajectory to Earth. Since the
spacecraft dwells around the NEO, it will be on the NEO’s orbit, which will not return it
to Earth. If the Gauss-solver parameters are setup correctly, the spacecraft can still
impact the Earth’s SOI in such a way to allow a visit to another object using the same

methods outlined below.
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The advantage of utilizing a DSM before the spacecraft impacts the Earth’s SOl is
that maneuvers done far from gravity wells require very little energy to affect potentially
large changes in the position and velocity vectors downstream from the maneuver.

Figure 10 below shows the geometry involved when the spacecraft is seeing the Earth

from deep space.

Earth's Orbit T—

©

Sun

T AT
Vg

Closeup of Earth

Gravity Assist
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To
Next ’K
Object Voo, 1
Y From P

Figure 10: Spacecraft View of Earth from Deep Space

This figure is from the perspective of looking down V1, which is the asteroid’s
velocity vector when it is outside Earth’s SOI. Before one can choose how to approach

the Earth, some unit vectors are helpful in identifying the approach vectors. One will
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know the position of the spacecraft for each day along its transfer trajectory, so starting
from a position just outside Earth’s SOI, one can attach a coordinate frame to the
spacecraft. First, identify a vector perpendicular to V; and K, which will be called t. The
next vector can be found by crossing Vi and the newly found t-vector. Finally, the last
vector of the frame is found by combining components of the other frame vectors
according to the angle, i, which is a free variable called inclination. This inclination is
measured from t and is different from the inclination of orbits talked about previously.
These become unit vectors when one divides each by its magnitude.

The impact parameter, b, describes the perpendicular distance from V1, to the
incoming leg of the gravity assist hyperbola on which v, ; points. One can think of this
scenario as being similar to a three-dimensional funnel in space connecting the spacecraft
to the Earth. The free variable, b, identifies the funnel’s opening radius and i identifies
where along the funnel’s circumference the spacecraft will enter. We will call this entry
point, P. Once these variables are chosen, the spacecraft will travel from P to the Earth
along the transfer trajectory and then turn around the Earth along a hyperbola during the
gravity assist. Mathematical expressions for these concepts are shown below.

Equation 63 shows t (Wiesel, 2010):

- Vixk (63)
|Vy x K|
Equation 64 describes the s unit vector (Wiesel, 2010):

txV, (64)

S=——
[t X V4]
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The following equation shows the orbit normal for the hyperbola orbit about the Earth
(Wiesel, 2010):
fi=—sinit+cosis (65)

As the spacecraft approaches Earth, it will have an excess velocity vector with respect to
the Earth given by the following (Wiesel, 2010):

Vo1 =V1—Vgs (66)
The goal is to try to find the right combination of b and i to turn this vector in such a way
as to produce the right velocity for a transfer trajectory to another object. The equation
below expresses this goal (Wiesel, 2010):

V, =002+ Vgq (67)
VE,1 in equation 67 is the heliocentric velocity vector of Earth when the spacecraft is
approaching.

The problem then becomes one of running the NEOs through the Gauss solver
and comparing the velocity vector required against V5. If the two are equivalent, then the
goal of finding a low delta-V solution is complete. The first step in turning Vep into Ve is
to find the turning angle required. The following conclusions are the result of derivations
for this problem done by Dr. William Wiesel. Once inside the Earth’s SOI, one can put a
unit vector along the incoming V..; vector and call it e, and a unit vector tangential to this,
er. The orbit normal unit vector is then ey. The following gives the orbit’s angular
momentum vector (Wiesel, 2010):

H=rXv=bv,ey (68)

The following gives the orbit’s eccentricity vector (Wiesel, 2010):
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e=;(va—,u$) (69)

Since V,, is perpendicular to H, the cross product shown here is equal to v, He;. At
essentially “infinity,” the unit vector r/r is equivalent to -1e,. Substituting these into the
equation above yields the following for the magnitude of the eccentricity vector (Wiesel,
2009):

b*vi (70)

e= |1+
2

The following equation gives the true anomaly for the hyperbola by utilizing the

eccentricity (Wiesel, 2009):

1) (71)

0., = cos ! (——
e

The next equation gives the turning angle through which the hyperbolic excess velocity
vector rotates (Wiesel, 2009):

§=20,—m (72)
One notices that 6 is dependent on b, so the research code iterates on b until it finds the
right turning angle to patch the two transfer trajectories. The last aspect will be actually
turning the incoming vector into the outgoing vector, which requires an application of
Euler’s Formula. According to Shuster, transforming a physical vector, a, into another
physical vector, b, with equal magnitude by a counterclockwise rotation about an axis
vector, N through an angle, v is given by (2006: 364):

b = (cosv)a+ (1 —cosv)(n-a)n+ (sinv)n X a (73)

41



The following equation substitutes the vectors and angles for this problem into equation
73 above:

Vo2 = (€08 8)Vorq + (1 — €05 8) (R Voo q ) + (SINEIA X Vo 1 (74)
Since the n unit vector is dependent on i and 6 is dependent on b, the code iterates these
quantities until it finds a V..; that works for sending the spacecraft into a follow-on
transfer trajectory. Finally, ensuring the following constraint keeps the delta-V required
minimized:

V2l = |Vi,| (75)
Substituting into this equation the V, equation from above yields:
|VE,2| = |VE,1 + Voo,zl (76)
Ve » is the heliocentric velocity vector of the Earth when the spacecraft is leaving on a
follow-on transfer trajectory. The equations above are what the research computer code

balances to find acceptable follow-on targets to visit.
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IV.  Analysis and Results

MATLAB Code

The code developed for this research attempts to be robust enough to search for
solutions within the enormous potential solution space by eliminating the unreasonable
possibilities. For example, it includes constraints on characteristic velocity available,
time-of-flight, and the period difference between the transfer trajectories and the Earth.
The code design also tries to be user-friendly, so that anyone who has access to
MATLAB can easily search for solutions using their desired launch date. The core of the
code centers on solutions to the Gauss problem via either universal variables or p-
iteration methods and extensive tables for the locations of the planets and the asteroids
and comets. It utilizes the equations described above for this search.

Shown below are screen shots of the MATLAB program’s graphical user
interface to show the attempt to be user-friendly. The first figure shows a picture
compiled using actual NASA photos to give the user an idea of what some of the objects

involved in this research look like.
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Figure 11: MATLAB Code Screen Shot 1

The next figure shows a shot of a figure that pops up to help the user understand how to

manage the other figures that the program will present them throughout its operation.
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Figure 12: MATLAB Code Screen Shot 2

The next figure shows the section of the code that asks the user which geometry option

they want to use for solving the Gauss problem.
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Figure 13: MATLAB Code Screen Shot 3

Figure 14 shows the section of the code that asks the user for their desired launch date

and whether or not they want to use universal variables or p-iteration to solve the Gauss

problem.
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Figure 14: MATLAB Code Screen Shot 4

The following figure shows the section of the code that outputs the first object to visit,

which it finds automatically by minimizing the constraints outlined above.
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Figure 15: MATLAB Code Screen Shot 5

The next figure shows how the code outputs the object for the follow-on trajectory. This
is after it has advanced the time and the spacecraft’s position and velocity based on the

trajectory established to visit the first object.
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Figure 16: MATLAB Code Screen Shot 6

At this point, the code continues to advance the time, positions, and velocities of
the spacecraft and searches for more follow-on objects that meet all of the constraints
involved. If a follow-on object meets the constraints very closely, the code automatically
chooses it and moves forward in time. It will continue until the date goes beyond 2025 as

that is the last year of data used in the research for the locations of the planets.

Optimal Run

Having utilized the code to search two days of each month for 2010 as launch
dates, January 31, 2010 was found to be the optimal launch date for visiting 16 objects in
the 16-year period and has the minimum fuel expenditure. Based on the initial launch
date of January 31, 2010, the code outputs the following locations of the asteroids and

comets. Note that this figure is not drawn to scale and that if it was, one would not be
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able to see any markers for the NEOs or planets. In fact, for the distances involved, a
plot that is three AU by three AU would show the Sun to be so small that the naked eye

would have difficulty recognizing it.

Figure 17: Sample Run Screen Shot — NEOs, Earth, Moon, Mars at Launch

Figure 18 below shows the first object chosen by the code to visit based on minimizing

the constraints.
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Figure 18: Sample Run Screen Shot — Selection of the First Object to Visit

The J-score is a value given to each object base on how well it meets the constraints. A
perfect J-score would be zero, which would mean that it matches the constraints exactly.
J-scores of approximately 1-5 are reasonable for this problem. Shown below is the
equation for the J-score:

Voo + Vflyby +5%«AV + 5« AT (76)
12

J_score =

V. is the hyperbolic excess speed of the spacecraft found by taking the magnitude of the
resulting vector from subtracting the Gauss solution V; and the velocity vector of the
Earth. Vpy, is the speed in which the spacecraft flies by the object. AV is the
characteristic velocity required to visit the object. AT is the difference in orbital periods
between the Earth and the transfer trajectory used to visit the object. The ideal case

would be a zero J-score, which would mean that one would not have to impart any
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velocity changes to the spacecraft to visit an asteroid. Unfortunately, this is the case of
an NEO coming to visit the Earth-orbiting spacecraft and will likely have undesired
results for some of Earth’s inhabitants. Because the first two terms in the numerator are
on the order of 10’s and the last two terms are on the order of 1°’s, the 5°s are added so
that the last two terms make a difference in the calculation. Thel2 in the denominator
normalizes the result and accounts for the number of terms seen in the numerator.

Figures 19 and 20 show the plots of the planets at the given launch time.

Figure 19: Sample Run Screen Shot — Interior Planet Locations at Launch
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Figure 20: Sample Run Screen Shot — Outer Planet Locations at Launch

Figure 21 shows the locations of all objects that have solutions to the Gauss problem and
the locations of Earth, the Moon, and Mars for the arrival date, or the date that is the

launch date plus the time-of-flight.

Figure 21: Sample Run Screen Shot — NEOs, Earth, Moon, Mars at Arrival
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Figure 22 shows the plot containing the locations of the Earth at launch and arrival, the
locations of the spacecraft at launch and arrival and its transfer trajectory, and the

locations of the first object visited at launch and arrival and its orbital trajectory between

these times.

Figure 22: Sample Run Screen Shot — First Object, Earth, and Trajectories

Figure 23 below shows the parameters for the follow-on object chosen.
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Figure 23: Sample Run Screen Shot — Output of Potential Follow-on Objects

Finally, the next figure shows the plot of locations and trajectories for the follow-on
object, which are developed similarly to that of the first object. This is representative for

object number 782 (see Appendix A), which is chosen as the first follow-on object.

Figure 24: Sample Run Screen Shot — Second Object, Earth, and Trajectories
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The code then continues to move forward, search for acceptable follow-on trajectories,
and provide their plots. Figure 25 shows the orbits of the spacecraft to visit 16 asteroids

between 2010 and 2025.

Figure 25: Sample Run Screen Shot — 16 Transfer Trajectories

Table 7 below shows detailed information on the velocities, fuel masses used, J-

scores, and dates involved for the optimal run found of launching on January 31, 2010.
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Table 7: Results for Optimal Run

Launch / . . . i\Y; Am, V.. Viiyby
# ) Object Arrival | Objects J-Score
Earth Swingby (m/s)* | (kg)* | (m/s) | (m/s)
1 31-Jan-10 2-Aug-10 782 961.15 | 193.19 | 5.87 5.09 1.73
2 30-Jan-11 1-Aug-11 4877 68.71 11.82 | 7.54 3.27 1.19
3 29-Jan-12 30-Jul-12 3361 | 25.94 | 4.43 | 8.33 6.92 1.28
4 27-Jan-13 29-Jul-13 3877 3.51 0.60 | 3.82 3.03 0.62
5 26-Jan-14 28-Jul-14 5879 28.05 4.79 1.81 3.61 0.56
6 26-Jan-15 28-Jul-15 2938 49.62 8.50 3.10 6.10 0.85
7 25-Jan-16 26-Jul-16 3430 13.64 2.32 6.21 4.15 0.98
8 23-Jan-17 25-Jul-17 4569 22.53 3.84 3.51 14.60 1.63
9 23-Jan-18 25-Jul-18 4245 15.95 2.72 8.25 4.50 1.21
10 22-Jan-19 24-Jul-19 2113 37.75 6.46 4.73 8.89 1.30
11 21-Jan-20 22-Jul-20 2636 53.85 9.24 5.28 4.65 0.88
12 19-Jan-21 21-Jul-21 5161 42.35 7.25 14.87 | 5.51 1.93
13 19-Jan-22 21-Jul-22 1300 51.21 8.78 12.65 9.49 2.05
14 19-Jan-23 21-Jul-23 3422 33.87 5.79 5.66 8.86 1.37
15 18-Jan-24 19-Jul-24 2946 56.70 9.73 2.12 9.38 1.09
16 17-Jan-25 19-Jul-25 6055 84.91 14.64 | 5.37 12.50 1.77
*Assumed an |l;, =300 s and my = 500 kg | Totals:| 1549.74| 294.09 | 99.11 | 110.54 | 20.44

Table 8 compares the results of this study with those found by Barbee, Davis, and Hur-

Diaz in 2009. One will see that the methods presented in this research have potential

savings in fuel per object used, but the timeframe is greater. Their approach results in

around four asteroid visits per year where this research only sees one object per year.

The fuel mass per object in this study is around 20 kg per object on average using a

conservative Iy, of 300 seconds and a conventional thrust device. The study conducted by

Barbee, et al. utilizes around 23 kg of fuel per object on average utilizing a constant, low-

thrust device with an estimated I, of 3000 seconds. To be able to compare the results, an

overall spacecraft mass and dry mass of 1500 and 500 kg were used respectively for each

study. The plots of each object’s flyby for this optimal run are shown in Appendix I.
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Appendix J contains tables similar to Table 7 along with 16-year trajectory plots for the
other dates tested using these methods.

The approach presented here might present equivalent objects visited per year if
one utilizes Mercury or Venus as the focus of the gravity assists instead of Earth. This
would allow a visit of an object for every year of one of these inner planets, which would
equate to multiple visits per Earth year. This might result in the possibility of visiting as
many objects as allowed by a constant-thrust device with the benefits of fuel-savings by
utilizing planet gravity assists. This research shows that such a study could be

worthwhile.
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Table 8: Comparison of Results

. . Spacecraft | Spacecraft AV AV
Asteroid Asteroid Segment Type | Segment Type Date Date Mass (kg) | Mass (kg) Am (kg)* | Am (kg)** (m/s)* | (mfs)e=
- ° - Launch - 31-Jan-10 1500 1500 - ° - =
- 164202 (2004EW) - Flyby - 2-Aug-10 - 1306.81 - 193.19 - 961.15
- 2007UD6 - Flyby - 1-Aug-11 - 1294.99 - 11.82 - 68.71
- 2005HN3 - Flyby - 30-Jul-12 - 1290.56 - 4.43 - 25.94
- 2006CT - Flyby - 29-Jul-13 - 1289.97 - 0.60 - 3.51
- 2009BD - Flyby - 28-Jul-14 - 1285.18 - 4.79 - 28.05
- 2004M04 - Flyby - 28-Jul-15 - 1276.67 - 8.50 - 49.62
- 2005ML13 - Flyby - 26-Jul-16 - 1274.35 - 2.32 - 13.64
- 2007FR3 - Flyby - 25-Jul-17 - 1270.51 - 3.84 - 22.53
- 2006UB17 - Flyby - 25-Jul-18 - 1267.79 - 2.72 - 15.95
- 2002LT24 - Flyby - 24-Jul-19 - 1261.33 - 6.46 - 37.75
162173 2003WE Flyby Flyby 30-Jan-21 22-Jul-20 - 1252.09 - 9.24 - 53.85
140158 - Flyby - 8-Jun-21 - 1436.28 1252.09 63.72 0 3529.0 0
2008EE9 2008CQ116 Flyby Flyby 6-Sep-21 21-Jul-21 1387.36 | 1244.84 48.92 7.25 2746.4 | 42.35
1983LC - Flyby - 22-Oct-21 - 1372.46 1244.84 14.90 0 863.8 0
2000Qv7 - Flyby - 1-Feb-22 - 1312.76 | 1244.84 59.70 0 3318.1 0
2003J014 - Flyby - 24-May-22 - 1265.08 1244.84 47.68 0 2679.8 0
2007YF 1999LE6 Flyby Flyby 6-Sep-22 21-Jul-22 1238.01 1236.07 27.07 8.78 1551.2 | 51.21
2006RJ1 = Flyby = 1-Dec-22 = 1204.41 1236.07 33.60 0 1913.7 0
2001SY169 - Flyby - 9-Feb-23 - 1200.83 1236.07 3.57 0 209.5 0
2003GX - Flyby - 19-Apr-23 - 1180.35 | 1236.07 20.48 0 1181.2 0
2005YP180 2005MR1 Flyby Flyby 7-Jul-23 21-Jul-23 1156.60 1230.28 23.75 5.79 1365.1 | 33.87
2003LH - Flyby - 6-Oct-23 - 1147.39 | 1230.28 9.21 0 537.1 0
22753 - Flyby - 17-Jan-24 - 1139.76 1230.28 7.63 0 445.8 0
1991FB - Flyby - 29-Mar-24 - 1133.07 1230.28 6.69 0 390.8 0
2005BG28 2004NU7 Flyby Flyby 17-Jul-24 19-Jul-24 | 1090.92 | 1220.55 42.15 9.73 2381.2 | 56.70
2007XH16 - Flyby - 6-Nov-24 - 1076.02 1220.55 14.90 0 863.9 0
153002 - Flyby - 6-Mar-25 - 1019.52 | 1220.55 56.50 0 3149.9 0
2003YG136 - Flyby - 2-May-25 - 972.62 1220.55 46.90 0 2637.6 0
2007VB138 2009FH Flyby Flyby 7-Aug-25 19-Jul-25 956.15 1205.91 16.47 14.64 953.5 84.91
2007DJ8 - Flyby - 29-Nov-25 - 946.00 1205.91 10.15 0 591.0 0
2008GF1 - Flyby - 28-Jan-26 - 915.64 1205.91 30.36 0 1734.1 0
2004FD - Flyby - 9-Apr-26 - 907.27 1205.91 8.38 0 488.8 0
1994WR12 - Flyby - 24-Jul-26 - 893.05 1205.91 14.22 0 825.0 0
2008EL85 = Flyby = 14-Nov-26 = 883.58 1205.91 9.46 0 551.7 0
2001BA16 = Flyby = 8-Mar-27 = 863.14 1205.91 20.44 0 1178.9 0
2004KzZ - Flyby - 2-Jul-27 - 847.59 1205.91 15.55 0 900.9 0
2007CR5 - Flyby - 1-Oct-27 - 790.15 1205.91 57.45 0 3199.6 0
2008TP26 - Flyby - 22-Nov-27 - 776.82 1205.91 13.32 0 773.7 0
2005XN27 - Flyby - 13-Mar-28 - 768.68 1205.91 8.15 0 475.4 0
2005UH6 - Flyby - 5-Jul-28 - 757.83 1205.91 10.85 0 631.5 0
1998DK36 - Flyby - 1-Oct-28 - 748.30 1205.91 9.53 0 555.4 0
175706 - Flyby - 12-Dec-28 - 722.53 1205.91 25.77 0 1478.4 0
4769 - Flyby - 3-Mar-29 - 698.91 1205.91 23.62 0 1358.2 0
20087526 - Flyby - 8-May-29 - 684.55 1205.91 14.36 0 833.2 0
175729 - Flyby - 1-Sep-29 - 677.36 1205.91 7.18 0 419.5 0
200057162 = Flyby = 30-Dec-29 = 659.04 1205.91 18.32 0 1058.9 0
141851 - Flyby - 25-Feb-30 - 651.13 1205.91 7.91 0 461.6 0
2001U0 - Flyby - 10-May-30 - 636.50 1205.91 14.63 0 848.7 0
1997US2 - Flyby - 25-Jun-30 - 630.49 1205.91 6.01 0 351.8 0
2005CN - Rendezvous - 27-Oct-30 - 581.30 1205.91 49.19 0 2760.5 0
Barbee, Davis, and Hur-Diaz Research Results of this Research Totals:| 581.3 1205.91 918.7 294.09 52194 1550
*I5, = 3000 s and mg = 500 kg **|,, =300 s and my = 500 kg
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V. Conclusions and Recommendations

Conclusions of Research

The goal of this research was to develop computer code to approach the problem
of finding solutions to the multiple NEO rendezvous problem utilizing Earth gravity
assists. This code was successfully developed, but only a few dozen potential launch
dates were tested out of the thousands of possibilities. Extensively searching the
associated solution space was not possible in the given time. The code results do validate
the theory presented as far as checking the soundness of the equations presented and this

approach to performing NEO rendezvous.

Recommendations for Future Research

One could take this research further simply by sitting down and running the code
repeatedly with varied launch dates to see if elegant solution sets result. Alternatively,
one might further develop the code so that this is automatically accomplished. Now that
the foundation for this approach is in place, one might also add in some perturbing forces
and numerically integrate the equations of motion to see how that affects the solutions.
One might also adapt this approach to include the dynamics seen by a constant, low-
thrust propulsion device. One might also search for results using Mercury or Venus as
the focus for the gravity assists as mentioned above. There is still plenty of research
available in this field, which is why it is an active research area. This research will
hopefully enable others to further their understanding of the problem at hand and open up

new approaches to finding solutions to the multiple rendezvous problem.
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Appendix A: Asteroid Ephemerides

# Object Epoch a e i w Node M

1 433 Eros 55200 1.45810456 0.222789285 10.8293168 178.7591201 | 304.3716084 | 303.6777988
2 719 Albert 55200 2.62752161 0.552836242 11.5608107 155.816635 184.0614049 344.0968609
3 887 Alinda 55200 2.47904577 0.566879889 9.3528908 350.3276666 | 110.5632383 54.5322917
4 1036 Ganymed 55200 2.66471038 0.534029002 26.6858095 132.5319341 215.5608387 222.7367905
5 1221 Amor 55200 1.92034105 0.43427777 11.8771158 26.4875627 171.3906155 70.3427996
6 1566 Icarus 55200 1.077815 0.82694347 22.8367589 31.3393411 88.047357 85.8305911
7 1580 Betulia 55200 2.19649431 0.487668554 52.0919463 159.5291182 62.3128951 124.6415584
8 1620 Geographos 55200 1.24558909 0.335456321 13.3379821 276.813381 337.2636996 60.5436191
9 1627 Ivar 55200 1.86344806 0.396863317 8.4483764 167.6439577 133.1922823 223.9302907
10 1685 Toro 55200 1.36730606 0.435829085 9.3794982 127.0669189 274.3326045 107.8652642
11 1862 Apollo 55200 1.4702437 0.559937741 6.3529887 285.8487539 35.7389189 147.5403095
12 1863 Antinous 55200 2.25947037 0.606622961 18.4006629 268.0499699 | 346.5512698 46.435941
13 1864 Daedalus 55200 1.46090373 0.614641025 22.1999543 325.5568612 6.6930291 260.1978965
14 1865 Cerberus 55200 1.07996528 0.4670267 16.0936536 325.2042353 212.9670793 266.3990208
15 1866 Sisyphus 55200 1.89373754 0.5386508 41.1831033 293.0332136 63.5819082 106.877041
16 1915 Quetzalcoat! 55200 2.54162154 0.571634628 20.417068 347.8590704 | 162.9905097 52.2571115
17 1916 Boreas 55200 2.27373778 0.449072932 12.8774098 335.8428225 340.739797 166.5114067
18 1917 Cuyo 55200 2.15062796 0.504198964 23.9402838 194.3705029 188.3493613 146.7422518
19 1943 Anteros 55200 1.43009212 0.255892948 8.7043664 338.2658677 246.3845061 158.9009452
20 1980 Tezcatlipoca 55200 1.70969837 0.364894882 26.857565 115.378919 246.6440683 174.0333531
21 1981 Midas 55200 1.77591059 0.650017163 39.837582 267.7736431 | 356.9986632 170.4334876
22 2059 Baboquivari 55200 2.64424658 0.530026053 11.0393876 191.2114916 | 201.0123889 256.4959105
23 2061 Anza 55200 2.26508171 0.537294129 3.7721984 156.4689437 207.6284583 162.6008228
24 2062 Aten 55200 0.96653745 0.182616771 18.9331977 147.9512555 108.6212249 139.439149
25 2063 Bacchus 55200 1.0781377 0.349502637 9.4333009 55.2614355 33.1434169 167.6115861
26 2100 Ra-Shalom 55200 0.83209827 0.436520211 15.7590348 356.0203045 170.8565289 277.0381322
27 2101 Adonis 55200 1.87436683 0.763968318 1.3338669 43.1040091 349.9669101 316.8559228
28 2102 Tantalus 55200 1.28997888 0.298997438 64.0063288 61.5738384 94.3801829 45.8281066
29 2135 Aristaeus 55200 1.59938305 0.503314731 23.0569631 290.8470634 191.259432 91.622457
30 2201 Oljato 55200 2.17470919 0.713205961 2.5140899 96.4659742 76.4400226 115.9680329
31 2202 Pele 55200 2.2901796 0.511955964 8.7415484 217.8963689 170.0210982 260.6552886
32 2212 Hephaistos 55200 2.16709367 0.833816102 11.7363743 208.5590847 28.274875 310.8360897
33 2329 Orthos 55200 2.403743 0.657526162 24.4357046 145.8576104 | 169.4386214 341.542726
34 2340 Hathor 55200 0.84424791 0.449735798 5.8546946 39.9991988 211.4948846 28.7132766
35 2368 Beltrovata 55200 2.10499589 0.41385078 5.2357139 42.6456375 287.5821588 | 216.3136395
36 2608 Seneca 55200 2.50364835 0.576161021 14.9914609 35.6552629 168.4653574 22.7350658
37 3102 Krok 55200 2.15136803 0.448489635 8.4197455 154.4659756 | 172.2470803 355.1823522
38 3103 Eger 55200 1.40486667 0.354399505 20.932594 253.941361 129.8241328 | 346.0901182
39 3122 Florence 55200 1.76848934 0.422934651 22.1646891 27.6913252 336.1482603 258.0867591
40 3199 Nefertiti 55200 1.57431479 0.283977144 32.9710922 53.3583452 340.044943 265.0497756
41 3200 Phaethon 55200 1.27114046 0.889916694 22.1831203 322.0156318 | 265.3926218 135.9639052
42 3271 Ul 55200 2.10168517 0.395748737 25.0396843 158.8920128 | 158.9220321 357.816309
43 3288 Seleucus 55200 2.03225735 0.457529127 5.9338677 349.247688 218.7070564 | 204.9787255
44 3352 McAuliffe 55200 1.87854889 0.369636816 4.7740683 15.8967669 107.419808 81.5237428
45 3360 Syrinx 55200 2.46733334 0.743764895 21.4161968 62.1033686 244.0020354 116.651378
46 3361 Orpheus 55200 1.20982693 0.322989282 2.6845251 301.6977098 | 189.5496543 345.7442662
47 3362 Khufu 55200 0.9894287 0.468544877 9.9187178 54.9888662 152.4882183 352.7315044
48 3551 Verenia 55200 2.09276185 0.486986824 9.5063955 193.1856679 173.8758902 245.057539
49 3552 Don Quixote 55200 4.22492397 0.713880304 30.9693055 317.1044776 | 350.2673175 13.3237262
50 3553 Mera 55200 1.64450625 0.320434282 36.7658754 288.8919041 232.564771 286.0171995
51 3554 Amun 55200 0.97378079 0.280496936 23.3627321 359.3911924 | 358.6598557 87.911059
52 3671 Dionysus 55200 2.19831472 0.541781635 13.542996 204.2529406 82.18292 298.7664784
53 3691 Bede 55200 1.77418858 0.284061241 20.3718982 234.757465 348.8332641 253.5125786
54 3752 Camillo 55200 1.41349894 0.301926252 55.5594641 312.227062 147.9917657 81.6459657
55 3753 Cruithne 55200 0.9976711 0.514945991 19.8103101 43.7561023 126.2809785 8.1692141
56 3757 (1982 XB) 55200 1.83501702 0.445282449 3.8680064 17.1278949 74.9909748 312.193545
57 3838 Epona 55200 1.50483041 0.702025206 29.2354796 49.5928389 235.6121799 222.870875
58 3908 Nyx 55200 1.9272816 0.458816058 2.1813112 126.2227862 261.5191857 337.0783548
59 3988 (1986 LA) 55200 1.54482682 0.31685917 10.7677597 86.751911 229.9164463 63.739889
60 ::i?nggion- 55200 2.63832404 0.624333507 2.7854145 91.2496918 270.5507686 17.0098977
61 4034 (1986 PA) 55200 1.05951064 0.443942445 11.1704529 296.603234 158.0140228 61.0434555
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# Object Epoch a e i w Node M

62 4055 Magellan 55200 1.82038742 0.326238183 23.2459313 154.2785056 | 164.8982653 260.3185795
63 4179 Toutatis 55200 2.53091964 0.628809126 0.4463207 278.7066333 124.3200119 103.761295
64 4183 Cuno 55200 1.98190736 0.636028119 6.749614 235.4377328 | 295.6376588 70.3128491
65 4197 (1982 TA) 55200 2.29999459 0.771854291 12.5494453 122.2349134 7.31966 267.2528154
66 4257 Ubasti 55200 1.64696625 0.468421311 40.7154897 278.9294147 169.2453084 163.1212962
67 4341 Poseidon 55200 1.8346251 0.679786518 11.8583335 15.6361381 108.1452429 63.0193698
68 4401 Aditi 55200 2.58164347 0.564745664 26.6438937 68.0629371 22.9923881 289.9226699
69 4450 Pan 55200 1.44252229 0.586467084 5.5168308 291.5917191 | 312.0097654 | 359.7136581
70 4486 Mithra 55200 2.20421759 0.660354284 3.0336286 168.8219022 82.3181413 326.5601339
71 4487 Pocahontas 55200 1.73012834 0.296656538 16.4037882 173.8475671 198.1773225 277.8095595
72 4503 Cleobulus 55200 2.70207484 0.525156794 2.5153461 76.3846621 46.0997445 171.5243493
73 4544 Xanthus 55200 1.04181602 0.25007337 14.1452122 333.714095 24.0286774 30.1473503
74 4581 Asclepius 55200 1.02248448 0.356955729 4.9131037 255.2251534 | 180.3693287 104.323845
75 4587 Rees 55200 2.65340823 0.511464923 24.6368058 83.8216039 180.6287775 178.673144
76 4596 (1981 QB) 55200 2.24006623 0.518654476 37.1012508 248.3357829 154.3366646 142.1728405
77 4660 Nereus 55200 1.4884725 0.3601734 1.4327045 157.970442 314.5029358 140.0382356
78 4688 (1980 WF) 55200 2.2341086 0.515313119 6.3784681 213.4332435 | 241.4483529 251.9695427
79 4769 Castalia 55200 1.06312548 0.483173657 8.8888583 121.334249 325.6353316 149.4672021
80 4947 Ninkasi 55200 1.36995957 0.16829791 15.6503964 192.8510241 215.4858528 65.568941
81 4953 (1990 MU) 55200 1.62107866 0.657463199 24.3910059 77.6786393 77.8139115 226.5887161
82 4954 Eric 55200 2.00124201 0.448722388 17.4499594 52.3943763 358.5621874 | 268.4579335
83 4957 Brucemurray 55200 1.56544116 0.219042909 35.0082969 97.4502214 254.9427185 313.2308666
84 5011 Ptah 55200 1.63551347 0.500309703 7.4067957 105.7054835 10.8238685 149.8843351
85 5131 (1990 BG) 55200 1.48618559 0.569361881 36.4028013 135.7642355 110.4499495 300.3435336
86 5143 Heracles 55200 1.83324327 0.772631646 9.1274408 226.9140165 310.275799 62.8433755
87 5189 (1990 UQ) 55200 1.55103447 0.478035386 3.5807457 159.5760697 135.376958 23.9916918
88 5324 Lyapunov 55200 2.96280653 0.614580771 19.4981707 320.190443 353.0687352 146.7740554
89 5332 Davidaguilar 55200 2.16308586 0.456526507 25.4725774 305.7980791 142.9656291 107.269162
90 5370 Taranis 55200 3.33621444 0.634393964 19.090546 161.2346488 | 177.8427351 293.8840864
91 5381 Sekhmet 55200 0.94749506 0.296142513 48.9678893 37.426871 58.5555083 188.0404097
92 5496 (1973 NA) 55200 2.43419726 0.636853095 68.0151858 118.123553 101.0759588 234.331418
93 5587 (1990 SB) 55200 2.39249104 0.547312561 18.0992577 86.3060032 190.3849303 109.4487783
94 5590 (1990 VA) 55200 0.98557446 0.279396591 14.1862073 34.4407392 216.3293567 346.7949084
95 5604 (1992 FE) 55200 0.92686572 0.405222356 4.7937121 82.4486301 311.965955 76.945505
96 5620 Jasonwheeler 55200 2.15802277 0.42385844 7.8621965 153.4806073 128.7732891 54.8871548
97 5626 (1991 FE) 55200 2.19522147 0.453961862 3.8540402 231.3476175 173.2990435 4.13051
98 5645 (1990 SP) 55200 1.35494939 0.387270875 13.5072864 48.1456288 45.8056651 29.6000102
99 5646 (1990 TR) 55200 2.14290994 0.436860829 7.9135695 335.6217132 14.1945881 58.8475381
100 5653 Camarillo 55200 1.79409801 0.304557822 6.8758748 122.5099529 10.0046105 9.3611316
101 5660 (1974 MA) 55200 1.7855944 0.762260404 38.0502601 126.868717 302.3493773 287.3071711
102 5693 (1993 EA) 55200 1.27129626 0.585292742 5.0553498 258.7749464 97.1265641 88.843134
103 5731 Zeus 55200 2.26221552 0.654075883 11.4378951 216.9785753 281.7508275 45.1302494
104 5751 Zao 55200 2.10277581 0.423741211 16.0731606 25.2792371 121.7190153 309.0287839
105 5786 Talos 55200 1.08147076 0.826930254 23.2455892 8.3168822 161.332793 225.2905061
106 5797 Bivoj 55200 1.89330953 0.44447926 4.1910099 168.3801247 299.0586632 187.260659
107 5828 (1991 AM) 55200 1.69756591 0.695562193 30.0953199 152.6854135 125.5020935 171.7621873
108 5836 (1993 MF) 55200 2.4443183 0.532932535 7.9807561 76.7325356 239.7326376 105.9003555
109 5863 Tara 55200 2.22064181 0.507381639 19.4750419 115.4217618 169.029366 359.7227216
110 5869 Tanith 55200 1.81221974 0.321157761 17.928185 230.6765012 227.9696781 210.9776102
111 5879 Almeria 55200 1.62484659 0.289206442 21.5758686 355.6528575 145.8985761 232.978481
112 6037 (1988 EG) 55200 1.270937 0.499434406 3.4948308 241.8602277 182.7002478 136.4236647
113 6047 (1991 TB1) 55200 1.45415985 0.352210828 23.4739065 103.7417282 6.1517593 88.0633846
114 6050 Miwablock 55200 2.20316015 0.435995596 6.4019293 284.6597953 88.41405 205.2810808
115 6053 (1993 BW3) 55200 2.14723628 0.528441598 21.5918845 74.7824142 318.4226885 190.4394526
116 6063 Jason 55200 2.21453612 0.76609289 4.916528 336.9844874 | 169.5234102 285.0755741
117 6178 (1986 DA) 55200 2.81108953 0.585621416 4.307981 127.1547566 64.7974019 10.2274596
118 6239 Minos 55200 1.15189268 0.412820285 3.9441821 239.6226655 | 344.6916942 236.8229057
119 6455 (1992 HE) 55200 2.23953315 0.572683658 37.3658168 262.5899362 27.1727761 83.1672679
120 6456 Golombek 55200 2.19393504 0.407841739 8.2084171 346.8902486 | 313.7640651 136.5229869
121 6489 Golevka 55200 2.49813212 0.605103506 2.2761244 66.9312116 210.8908142 237.3246096
122 6491 (1991 OA) 55200 2.50263682 0.589000172 5.7353033 320.6425791 | 304.0850091 240.5613671
123 6569 Ondaatje 55200 1.6261218 0.220727245 22.6379323 167.2322752 111.5335497 342.5581859
124 6611 (1993 VW) 55200 1.69550579 0.485180568 8.691194 281.1750481 231.0821667 65.7066424
125 7025 (1993 QA) 55200 1.47600612 0.314990642 12.606283 323.3706255 146.6724754 | 286.2286752
126 7088 Ishtar 55200 1.9802648 0.390900018 8.3024287 354.6869657 102.7195983 162.8484511
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127 7092 Cadmus 55200 2.53117596 0.701248334 17.7568446 92.9405014 58.7044261 153.6799493
128 7236 (1987 PA) 55200 2.72592 0.558913836 16.323302 337.9964199 | 308.5666924 3.10043
129 7335 (1989 JA) 55200 1.77090258 0.484169465 15.209762 232.0923296 61.4432032 250.7539994
130 7336 Saunders 55200 2.30562964 0.479792474 7.1717332 181.1055054 | 174.5848918 | 286.5050932
131 7341 (1991 VK) 55200 1.8420309 0.506708406 5.4230173 173.3746262 294.9346013 68.6174752
132 7350 (1993 VA) 55200 1.35579635 0.391105749 7.2618511 336.5560017 133.1775897 52.7412326
133 7358 Oze 55200 2.19831265 0.502948271 4.6570151 91.3239501 266.1317304 159.5155724
134 7474 (1992 TC) 55200 1.56550027 0.292314595 7.0881114 275.5116197 88.683464 292.8419818
135 7480 Norwan 55200 1.567536 0.317028784 9.4545658 256.723541 124.4489496 | 266.9606751
136 7482 (1994 PC1) 55200 1.34614223 0.32830482 33.4934427 47.566747 117.9304619 80.758787
137 7753 (1988 XB) 55200 1.4675476 0.481870969 3.1244167 279.9867132 73.5019027 342.1045675
138 7822 (1991 CS) 55200 1.12271573 0.164597896 37.1230247 249.4163447 156.8853855 28.8875138
139 7839 (1994 ND) 55200 2.16504161 0.517995494 27.1821123 228.0106851 102.7216518 | 297.9711219
140 7888 (1993 UC) 55200 2.43416468 0.664212182 26.0774217 323.0476629 165.9629512 63.5825073
141 7889 (1994 LX) 55200 1.26151362 0.346337464 36.9071521 349.125706 111.3069283 180.7956878
142 7977 (1977 QQ5) 55200 2.22583151 0.465704463 25.175812 248.0301305 134.2697083 250.9077684
143 8013 Gordonmoore 55200 2.20058869 0.430449579 7.5653029 146.7619383 105.6765602 359.8722715
144 8014 (1990 MF) 55200 1.74625492 0.455818015 1.863937 114.1584839 | 210.4338601 145.9706699
145 8034 Akka 55200 1.830288 0.409058648 2.0238963 68.0063789 233.0206401 15.3763222
146 8035 (1992 TB) 55200 1.34171717 0.462343021 28.3133884 5.9927616 185.6689282 189.8779238
147 8037 (1993 HO1) 55200 1.98611022 0.418185003 5.909844 105.7113764 22.5001739 30.1519341
148 8176 (1991 WA) 55200 1.57467765 0.642895727 39.6237238 241.8298834 66.6352994 87.6950917
149 8201 (1994 AH2) 55200 2.5342271 0.708397342 9.5767199 25.0263786 164.1942141 322.3796903
150 8507 (1991 CB1) 55200 1.68663903 0.594816371 14.5853082 345.6671675 317.478589 100.5653495
151 8566 (1996 EN) 55200 1.50631684 0.430682244 37.966937 125.1060045 164.1832798 91.3881076
152 8567 (1996 HW1) 55200 2.04625692 0.448968932 8.4384133 177.0611532 177.1815593 160.7028659
153 9058 (1992 JB) 55200 1.55648905 0.359886016 16.0727996 306.8586875 | 218.4233761 64.3880642
154 9162 Kwiila 55200 1.49622135 0.595199769 9.0154632 235.6158458 | 180.1711614 49.6540696
155 9172 Abhramu 55200 2.7075485 0.553882445 7.8443982 74.0580483 287.7784625 203.1721297
156 9202 (1993 PB) 55200 1.42364482 0.607484004 40.8501455 212.2758009 | 315.9742361 332.322459
157 9400 (1994 TW1) 55200 2.58968475 0.577929941 36.0359286 62.0872349 3.5287067 214.0204544
158 9856 (1991 EE) 55200 2.24692096 0.622746285 9.7734312 115.2909368 | 168.9306818 171.5904366
159 9950 ESA 55200 2.44011659 0.530807007 14.5873509 103.0771113 253.918922 14.1248554
160 10115 (1992 SK) 55200 1.24855898 0.324761712 15.3247554 233.5490633 8.9710571 229.2098789
161 10145 (1994 CK1) 55200 1.90150997 0.63220063 4.5578797 27.1731567 328.6038017 117.8064654
162 10150 (1994 PN) 55200 2.37600078 0.542094421 45.970981 234.0219901 113.0880779 54.0423368
163 10165 (1995 BL2) 55200 1.23460916 0.503786661 23.895961 348.3985047 | 312.4807409 172.2838201
164 10302 (1989 ML) 55200 1.27251192 0.136670541 4.377808 183.2570937 104.3970821 98.620683
165 10563 Izhdubar 55200 1.00683452 0.266442588 63.4608698 132.1916852 56.5735203 238.9854159
166 10636 (1998 QK56) 55200 1.88335958 0.513266571 13.5618939 286.1028701 173.1371727 101.1086116
167 10860 (1995 LE) 55200 2.58285914 0.572248576 4.1474705 75.2847172 257.4926389 171.2447046
168 11054 (1991 FA) 55200 1.97938665 0.446976566 3.0784444 91.9882081 339.3207637 322.5934027
169 11066 Sigurd 55200 1.39158643 0.375223005 36.8891089 21.9370506 349.2679616 72.9253984
170 11284 Belenus 55200 1.74085667 0.337327892 1.993141 170.90231 311.8519905 246.059345
171 11311 Peleus 55200 2.11770067 0.535747321 25.4246529 313.0865877 59.5506447 99.1569299
172 11398 (1998 YP11) 55200 1.72048278 0.388659292 15.0322027 74.4589231 144.9204398 | 269.2304565
173 11405 (1999 CV3) 55200 1.45944713 0.393678635 22.8613512 96.2703843 141.3607843 15.5695242
174 11500 Tomaiyowit 55200 1.0797856 0.355961555 10.3084654 289.3802061 | 234.4891932 260.2726813
175 11885 (1990 SS) 55200 1.70273554 0.474905689 19.4146115 116.0042057 | 359.9332494 185.4073443
176 12538 (1998 OH) 55200 1.54153104 0.406139261 24.5136035 321.6077117 220.8025788 56.4643043
177 12711 Tukmit 55200 1.18637529 0.27231377 38.484266 322.8531474 | 295.0117719 132.3644909
178 12923 Zephyr 55200 1.96167524 0.491675394 5.2903287 146.7845723 168.3579528 | 275.2909963
179 13553 (1992 JE) 55200 2.19062958 0.462458277 5.8702416 109.6319861 193.7732094 130.6336495
180 13651 (1997 BR) 55200 1.33567001 0.305652376 17.244699 133.758362 116.7279227 54.1481313
181 14402 (1991 DB) 55200 1.71571629 0.40210945 11.4216301 51.2451039 158.3239981 116.3672176
182 14827 Hypnos 55200 2.84428234 0.664993805 1.9809296 238.1229573 58.0268455 350.5651141
183 15745 (1991 PM5) 55200 1.71952821 0.255134762 14.4238024 140.4792223 132.6880117 84.3329191
184 15817 Lucianotesi 55200 1.32472169 0.118201718 13.8727167 94.2957123 162.5411167 88.9914351
185 16064 (1999 RH27) 55200 2.85227553 0.588356535 4.5368723 104.6908374 | 335.7168088 17.3812373
186 16636 (1993 QP) 55200 2.3076855 0.469736738 7.2463563 46.6177154 297.2677239 238.1135172
187 16657 (1993 UB) 55200 2.27548248 0.461461071 24.984241 21.1493636 31.3417696 247.0509965
188 16816 (1997 UF9) 55200 1.44225586 0.604213371 25.899655 157.853661 37.22075 263.3824872
189 16834 (1997 WU22) 55200 1.46781221 0.442126457 15.9814442 334.2164127 | 260.8565324 134.9615053
190 16912 Rhiannon 55200 1.75144313 0.27246327 24.5258515 221.1117062 169.2454939 148.2796926
191 16960 (1998 QS52) 55200 2.20135586 0.858752125 17.6258412 242.453683 261.0164198 119.9628566
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192 17181 (1999 UM3) 55200 2.37623181 0.672378452 10.6545904 36.6140731 113.6908109 258.9510688
193 17182 (1999 VU) 55200 1.38703136 0.5535185 9.2821359 203.0347791 | 333.5975948 7.8111664

194 17188 (1999 WC2) 55200 2.21600248 0.638162882 29.3840825 286.8704767 270.2425873 359.5073426
195 17274 (2000 LC16) 55200 2.72206811 0.559183737 5.6293797 20.8313721 306.1615907 29.6445711
196 17511 (1992 QN) 55200 1.19018105 0.359081893 9.5887987 202.2510146 355.993005 230.512268
197 18106 Blume 55200 2.44499264 0.512245533 4.2196944 234.9747343 109.290984 159.3609195
198 18109 (2000 NG11) 55200 1.88074205 0.367856669 0.8097951 319.2159161 59.4657255 214.3582824
199 18172 (2000 QL7) 55200 2.4259461 0.509487516 17.8338666 100.6293001 | 338.6491938 133.2523196
200 18736 (1998 NU) 55200 2.35898941 0.487451403 2.8378264 221.3478681 298.5750081 165.9012078
201 18882 (1999 YN4) 55200 1.6853323 0.231624241 36.8171149 242.6418573 291.752179 136.8539096
202 19356 (1997 GH3) 55200 2.49449884 0.567582681 2.9927723 333.6395934 | 186.9133165 90.6282743
203 19764 (2000 NF5) 55200 2.23270559 0.444022546 1.3291441 9.4214873 281.7406186 | 311.5053452
204 20086 (1994 LW) 55200 3.19037044 0.616501636 22.3950108 56.1954411 239.5568358 | 260.0754176
205 20236 (1998 BZ7) 55200 2.03810129 0.556607486 6.4928823 103.6142195 111.9471453 11.3628352
206 20255 (1998 FX2) 55200 2.15077863 0.492442649 9.9629511 17.4778416 181.067933 259.0248426
207 20425 (1998 VD35) 55200 1.56503705 0.476539936 6.9785162 296.0651146 | 227.4432286 193.413253
208 20429 (1998 YN1) 55200 1.5558498 0.464377286 6.2980157 147.5035492 61.8056249 180.6847634
209 20460 Robwhiteley 55200 1.87713993 0.411853324 33.9351913 283.62566 280.1745666 73.4222976
210 20790 (2000 SE45) 55200 2.74129713 0.560756822 8.3293582 168.8129169 | 303.0166708 | 348.6167813
211 20826 (2000 UV13) 55200 2.4343526 0.627209868 32.0115023 198.1979981 | 347.5704883 123.7029076
212 21088 (1992 BL2) 55200 1.70659741 0.238332505 38.4613113 27.0495839 297.8927028 161.0458349
213 21277 (1996 TO5) 55200 2.37765392 0.519235087 20.9610462 250.1324625 167.4802486 195.1980707
214 21374 (1997 WS22) 55200 1.26953731 0.120553111 23.9811355 197.0787923 59.2524344 328.2701153
215 22099 (2000 EX106) 55200 1.1042198 0.276177758 9.844266 186.5301201 136.5069611 54.1124964
216 22753 (1998 WT) 55200 1.21878633 0.569804553 3.2048994 324.5762567 | 307.5760617 170.4216466
217 22771 (1999 CU3) 55200 1.57617897 0.52418559 11.3990848 305.6314443 339.111391 87.8483703
218 23183 (2000 OY21) 55200 1.82408562 0.401400996 40.9586113 301.4028841 119.7304158 | 238.8893925
219 23187 (2000 PN9) 55200 1.84620362 0.58970494 51.3091296 293.542736 164.4010439 206.7385175
220 23548 (1994 EF2) 55200 2.29193955 0.517344402 23.3619506 123.8327627 | 346.2357827 219.3670361
221 23606 (1996 AS1) 55200 1.74999984 0.360994776 14.360912 357.4156121 296.7115639 211.5063102
222 23714 (1998 EC3) 55200 2.12998968 0.514192374 8.3739634 128.4820356 | 128.2179169 251.3017819
223 24443 (2000 OG) 55200 2.30998346 0.822076965 25.8212515 230.9941278 | 178.3250531 231.8201366
224 24445 (2000 PM8) 55200 2.21109611 0.545017762 23.8602413 218.6181525 203.4099361 301.0826969
225 24475 (2000 VN2) 55200 1.97394883 0.441706164 14.6411882 32.6114907 76.5323429 95.8617221
226 24761 Ahau 55200 1.33500347 0.305879798 21.9201754 287.4531753 121.1181312 35.1810601
227 25143 Itokawa 55200 1.32405649 0.280108407 1.6219195 162.768624 69.0855044 249.6404632
228 25330 (1999 KV4) 55200 1.54071327 0.370737877 14.3267575 85.941551 50.6477793 225.5565955
229 25916 (2001 CP44) 55200 2.56211929 0.497650897 15.7397241 199.8608272 94.7513931 327.1369402
230 26166 (1995 QN3) 55200 3.30098186 0.644270974 14.7881395 62.9068505 185.7523953 163.7243197
231 26310 (1998 TX6) 55200 2.13976877 0.469890397 5.3688615 98.6174513 211.1050177 243.7691468
232 26379 (1999 HZ1) 55200 1.60565785 0.576217473 8.6893939 200.4478122 252.213784 144.6784597
233 26663 (2000 XK47) 55200 1.5458242 0.471998041 13.5439594 231.0083823 | 303.7686318 | 219.7866228
234 26760 (2001 KP41) 55200 2.87041962 0.550785893 10.908628 154.7453747 146.6377527 267.0468984
235 26817 (1987 QB) 55200 2.80923377 0.591978545 3.4877624 156.5493903 153.281121 282.9130959
236 27002 (1998 DV9) 55200 1.74351824 0.433867007 8.6996072 0.7304878 130.4268514 52.3834726
237 27031 (1998 RO4) 55200 2.13971931 0.425942529 5.3486639 111.7040319 192.0086838 | 241.9381239
238 27346 (2000 DN8) 55200 1.87511331 0.398717738 36.9461816 269.1986988 | 135.3055247 22.3565698
239 29075 (1950 DA) 55200 1.69899167 0.507394409 12.1815558 224.5229867 | 356.7763007 339.1207349
240 30825 (1990 TG1) 55200 2.43914848 0.679785447 8.7350602 33.7030316 205.0542704 81.0759533
241 30997 (1995 UO5) 55200 1.55998707 0.643646378 36.1756601 150.9736832 38.7359016 354.8961312
242 31210 (1998 BX7) 55200 2.60607692 0.501583217 8.956263 271.401799 145.0146821 331.4520185
243 31221 (1998 BP26) 55200 1.72292244 0.257118524 20.228656 186.5166177 331.099146 92.2420108
244 31345 (1998 PG) 55200 2.01539534 0.39161524 6.492875 155.8955493 222.8266548 | 331.0938196
245 31346 (1998 PB1) 55200 2.02891974 0.43056985 5.965891 350.2891748 | 299.8154106 | 347.8223907
246 31662 (1999 HP11) 55200 1.59701467 0.548014088 18.8024648 311.8756484 14.0556676 43.1262702
247 31669 (1999 JT6) 55200 2.13648692 0.578158162 9.5519917 38.9763082 78.9834726 193.4151384
248 32906 (1994 RH) 55200 2.24649914 0.440939557 18.9383491 92.2733236 331.3207102 162.5151601
249 33342 (1998 WT24) 55200 0.71845448 0.417922703 7.341936 167.2952126 81.9986691 291.5516319
250 34613 (2000 UR13) 55200 2.06781418 0.388734304 6.1699801 285.86009 315.4979813 152.1704034
251 35107 (1991 VH) 55200 1.13728921 0.144222307 13.9119595 206.8824867 139.3926285 32.6462498
252 35396 (1997 XF11) 55200 1.44242183 0.483957615 4.0979427 102.7761168 | 213.8899753 80.4056765
253 35432 (1998 BG9) 55200 2.51141113 0.540209352 13.0727987 1.3135609 115.4600177 359.3450894
254 35670 (1998 SU27) 55200 2.12319145 0.594559535 7.1079906 169.5297943 271.5114382 210.6212446
255 36017 (1999 ND43) 55200 1.5227141 0.313906794 5.5543238 51.9195525 332.2063915 159.6061208
256 36183 (1999 TX16) 55200 1.55137332 0.332669494 38.2130828 311.136528 54.7024879 133.8813825
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257 36236 (1999 W) 55200 1.33249536 0.423376602 58.0391117 19.7308749 241.0934604 | 340.2996034
258 36284 (2000 DM8) 55200 1.48367341 0.554249845 46.7508283 317.9283062 | 323.2126133 63.7610244
259 37336 (2001 RM) 55200 2.25334602 0.484688693 36.6289833 117.9530856 | 223.7617707 175.8563838
260 37638 (1993 VB) 55200 1.90976964 0.519186779 5.0769317 323.0478033 145.7020451 20.4458568
261 37655 lllapa 55200 1.47806777 0.75238284 17.9947224 303.6663243 139.7470684 172.8062638
262 38071 (1999 GU3) 55200 2.08841983 0.507419631 12.7413325 8.7919011 195.5901142 200.1120631
263 38086 Beowolf 55200 1.42021229 0.5663926 23.670763 178.8707901 165.3708353 52.2424965
264 38091 (1999 JT3) 55200 2.1692082 0.401160687 9.358307 224.583478 65.0414892 81.9896936
265 38239 (1999 OR3) 55200 2.03336528 0.577106734 9.4830795 27.5972246 200.1960883 237.5243568
266 39557 Gielgud 55200 2.26391913 0.426405336 5.565351 239.3252663 58.8628848 32.0264142
267 39565 (1992 SL) 55200 1.6415427 0.334120192 8.5992031 344.6197355 1.0322871 86.3304345
268 39572 (1993 DQ1) 55200 2.03769625 0.492309236 10.0220162 344.7526406 313.663385 174.96609

269 39796 (1997 TD) 55200 2.24938039 0.469950153 12.928006 170.8017318 | 159.0178753 233.2698536
270 40263 (1999 FQ5) 55200 1.49496158 0.161031651 25.8454224 198.6143446 | 172.8604752 119.8298298
271 40267 (1999 GJ4) 55200 1.33875389 0.808234792 34.5438158 211.8521317 148.3057111 200.59264

272 40329 (1999 ML) 55200 2.26605223 0.453294311 2.5130634 111.0404636 | 211.6025388 20.8207451
273 41429 (2000 GE2) 55200 1.59243778 0.555034482 2.1936515 297.6260018 | 351.6207543 274.8639543
274 41440 (2000 HZ23) 55200 1.57581774 0.211333957 15.1070232 199.9628382 64.1165913 294.1349788
275 42286 (2001 TN41) 55200 1.41955986 0.391935315 24.0672095 150.8152495 55.888352 201.9768816
276 48603 (1995 BC2) 55200 1.9176389 0.429781911 5.029172 81.5657471 328.4344588 | 259.0522732
277 52340 (1992 SY) 55200 2.20960579 0.550034457 8.0469537 115.4819316 5.8650819 40.1547417
278 52381 (1993 HA) 55200 1.2782097 0.144023594 7.7252726 263.6851167 183.3570458 | 316.6000085
279 52387 (1993 OM7) 55200 1.28212727 0.189644309 24.152988 195.4882705 | 297.6293742 278.394445
280 52689 (1998 FF2) 55200 1.56174145 0.292160416 10.984838 265.0040279 4.7711648 316.528963
281 52750 (1998 KK17) 55200 1.42713764 0.524975086 11.1639465 334.056709 141.4023594 | 344.9677858
282 52760 (1998 ML14) 55200 2.41095788 0.620656824 2.4331413 20.1136241 338.913988 4.9036536

283 52761 (1998 MN14) 55200 1.55462196 0.224075495 19.4793271 350.3292662 259.0450619 355.9041761
284 52762 (1998 MT24) 55200 2.42103522 0.649906624 33.9608585 254.0104731 | 309.6746748 54.2224261
285 52768 (1998 OR2) 55200 2.39159685 0.566401933 5.8658804 173.7555775 27.278839 74.5604899
286 53110 (1999 AR7) 55200 1.64452377 0.214452593 40.6258047 58.2156992 85.4823547 31.6943502
287 53319 (1999 JM8) 55200 2.70666408 0.649547019 13.838895 166.3087689 133.8956009 122.7468783
288 53409 (1999 LU7) 55200 2.10138648 0.628668055 10.8065352 147.2548295 | 206.9991416 137.8375132
289 53426 (1999 SL5) 55200 1.92230194 0.538708719 22.8181259 43.1150719 239.2537169 331.9732279
290 53429 (1999 TF5) 55200 2.02390602 0.638365775 26.8155176 63.9164979 199.4112669 231.7793456
291 53430 (1999 TY16) 55200 2.09846623 0.404171666 60.4079646 156.8921928 | 241.9499284 139.5148825
292 53435 (1999 VM40) 55200 2.30992203 0.485413898 15.3860127 354.1823504 51.4646432 334.2633237
293 53550 (2000 BF19) 55200 1.49534072 0.419558251 7.17244 324.8070583 | 313.3141766 36.7587709
294 53789 (2000 ED104) 55200 1.37046414 0.268923374 40.7901867 218.3002198 | 190.0598889 160.0091228
295 54071 (2000 GQ146) 55200 1.32937565 0.197495851 23.4404154 128.2339701 36.3915632 160.2229716
296 54401 (2000 LM) 55200 1.71060586 0.262364658 18.9525002 66.9845961 240.9334686 78.4402286
297 54509 YORP 55200 1.00573592 0.230106841 1.599987 278.6927861 | 278.3680228 | 224.8159764
298 54660 (2000 UJ1) 55200 1.47688501 0.281006774 46.6835278 157.935814 223.744321 41.9059802
299 54686 (2001 DU8) 55200 1.77687767 0.341553284 33.2087776 265.8358656 | 161.7830148 | 320.0644512
300 54690 (2001 EB) 55200 1.6294104 0.256709394 35.3585732 99.5512115 33.5856026 116.3887968
301 54789 (2001 MZ7) 55200 1.77594196 0.287461607 24.4700133 19.9371606 130.144424 336.9894521
302 55408 (2001 TC2) 55200 1.09985847 0.224648677 30.390039 353.4809609 193.8682608 | 272.4302692
303 55532 (2001 WG2) 55200 1.79468037 0.695968161 38.4704841 132.2892389 81.5723104 80.1643232
304 65674 (1988 SM) 55200 1.66462233 0.344178079 10.948271 313.1651631 0.9595805 346.7162782
305 65679 (1989 UQ) 55200 0.91518673 0.264845117 1.2919018 15.0349679 178.285599 234.867224
306 65690 (1991 DG) 55200 1.42730701 0.362828386 11.1514295 63.2301479 180.2184344 | 331.5626331
307 65706 (1992 NA) 55200 2.3947034 0.557922192 9.7164282 8.0807546 349.3987149 243.4735666
308 65717 (1993 BX3) 55200 1.39450424 0.28072815 2.7900984 289.9597192 175.5880847 114.0807451
309 65733 (1993 PC) 55200 1.15408362 0.474460906 4.15626 168.1988783 337.497958 261.1121329
310 65803 Didymos 55200 1.64451833 0.383826294 3.407769 319.1898848 73.247813 335.5803016
311 65909 (1998 FH12) 55200 1.09139994 0.539732536 3.5585037 284.3991868 | 108.6715293 207.5700959
312 65996 (1998 MX5) 55200 2.91758879 0.611919652 9.7013976 55.6841317 266.5713981 103.4396549
313 66008 (1998 QH2) 55200 1.42613125 0.362469362 61.0160981 13.8918804 168.9537853 25.4462935
314 66063 (1998 RO1) 55200 0.99083508 0.720256404 22.6767314 151.106485 351.8929765 71.2050068
315 66146 (1998 TU3) 55200 0.78729444 0.483867629 5.4100966 84.5743491 102.3106327 170.9005351
316 66251 (1999 GJ2) 55200 1.53545883 0.197998298 11.2763936 142.3770577 196.261686 108.2089973
317 66253 (1999 GT3) 55200 1.33402159 0.837648094 19.5147873 260.8087416 | 157.6687389 29.0500343
318 66272 (1999 JW6) 55200 1.50755644 0.14324325 51.3105904 68.5018331 66.4158062 347.8412246
319 66391 (1999 KW4) 55200 0.64232546 0.688380381 38.884436 192.6087828 | 244.9263911 37.8173689
320 66400 (1999 LT7) 55200 0.85515854 0.572436379 9.064512 341.2877793 79.9123873 359.3130331
321 66407 (1999 LQ28) 55200 1.19844303 0.120121898 21.7703741 320.5064924 95.0374237 230.9364454
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322 66959 (1999 X035) 55200 2.53531114 0.569185523 20.5580417 293.0011481 82.3035128 195.5694707
323 67367 (2000 LY27) 55200 1.30862587 0.212671277 9.0224673 184.7556915 264.5742556 | 293.3010269
324 67381 (2000 OL8) 55200 1.32039333 0.54293772 10.666458 266.6458811 | 295.0798319 130.4987981
325 67399 (2000 PJ6) 55200 1.30110325 0.346224652 14.6988698 225.1734497 332.945293 220.3232314
326 68031 (2000 YK29) 55200 1.37656637 0.128521671 15.1738691 31.7676607 123.7002969 160.1329121
327 68063 (2000 YJ66) 55200 2.33319602 0.457191047 5.7539566 49.5137609 309.3075605 255.8030098
328 68216 (2001 CV26) 55200 1.3192531 0.326260551 17.9982929 48.6714078 18.2191912 30.4897679
329 68267 (2001 EA16) 55200 1.50955519 0.427631569 38.8196722 317.3667091 8.0591516 173.8560964
330 68278 (2001 FC7) 55200 1.435778 0.114480814 2.6206092 234.3941539 99.1459598 254.5986208
331 68346 (2001 KZ66) 55200 1.50756882 0.416674353 16.6867618 140.1557967 219.4578254 138.2457529
332 68347 (2001 KB67) 55200 0.96271558 0.379813056 17.1380938 243.8406265 245.9618704 115.9249636
333 68348 (2001 LO7) 55200 2.15183558 0.842293615 25.4578736 181.5347589 | 236.2765158 168.5236035
334 68350 (2001 MK3) 55200 1.66952313 0.247717706 29.5679468 328.4256711 128.9095651 181.8015043
335 68359 (2001 0Z13) 55200 1.51749963 0.174471361 9.8551336 29.1051322 99.2944826 5.5418108

336 68372 (2001 PM9) 55200 1.61836535 0.41570659 8.0939694 322.1022568 253.11432 92.4676582
337 68548 (2001 XR31) 55200 1.70648753 0.436596962 22.7313366 24.609623 302.1182931 319.5399553
338 68950 (2002 QF15) 55200 1.05672667 0.344245168 25.1534352 255.5001955 236.2770847 195.8030392
339 69230 Hermes 55200 1.65553677 0.623981155 6.0682601 92.7034558 34.2785883 299.7916848
340 85182 (1991 AQ) 55200 2.21363523 0.780085054 3.1895243 241.1165926 | 341.4068548 | 251.4143092
341 85184 (1991 JG1) 55200 1.37409423 0.184785347 33.8751687 322.6821496 | 226.4319218 | 236.1193786
342 85236 (1993 KH) 55200 1.23423605 0.311327044 12.8030359 293.7502085 54.4505638 329.8910208
343 85275 (1994 LY) 55200 1.88983542 0.442204589 17.7298624 202.7222377 141.2440813 320.1954907
344 85490 (1997 SE5) 55200 3.72495042 0.668057412 2.5997327 56.9176434 287.5844678 | 254.1356957
345 85585 Mjolnir 55200 1.29745556 0.356192629 4.0839788 95.3377486 2.3910559 36.4461231
346 85628 (1998 KV2) 55200 1.59329403 0.331951012 13.0285633 50.4832264 66.8321566 14.6729783
347 85640 (1998 0X4) 55200 1.58096565 0.485931216 4.5136616 117.0315115 299.7645553 216.6518922
348 85709 (1998 SG36) 55200 1.64591673 0.337432389 24.8466794 29.6011954 186.6429396 | 261.8373404
349 85713 (1998 SS49) 55200 1.92308391 0.640239387 10.7627088 102.3661233 41.5898906 45.5843575
350 85770 (1998 UP1) 55200 0.99848703 0.34491242 33.1805068 234.3333496 18.3859952 179.9849782
351 85774 (1998 UT18) 55200 1.40378672 0.329132244 13.5885274 50.0166236 64.7088282 216.9198621
352 85804 (1998 WQ5) 55200 1.72085492 0.354606305 27.6594317 269.7065915 285.8302075 234.269606
353 85818 (1998 XM4) 55200 1.65677403 0.416982556 62.7001697 301.2881746 | 235.6838754 | 330.3338805
354 85839 (1998 YO4) 55200 1.6536701 0.247927181 9.324695 199.4186365 28.5925319 289.1247766
355 85867 (1999 BY9) 55200 1.83082574 0.301893945 0.9423396 287.0475704 | 254.6939497 114.6106187
356 85938 (1999 DJ4) 55200 1.85328906 0.483386614 9.1504173 197.5869327 19.973251 92.2247605
357 85953 (1999 FK21) 55200 0.73878108 0.703169509 12.6020006 172.333708 180.5370559 255.9666632
358 85989 (1999 JD6) 55200 0.88266558 0.632812795 17.0520937 309.1744409 130.2660878 43.2481419
359 85990 (1999 JV6) 55200 1.00773265 0.311224267 5.3138017 235.5306748 | 124.5964131 92.825776

360 86039 (1999 NC43) 55200 1.7595546 0.578931725 7.1215266 120.5093425 | 311.8622157 97.3646376
361 86067 (1999 RM28) 55200 1.81725052 0.323535669 30.54017 301.8144559 136.1304677 20.0822775
362 86324 (1999 WA?2) 55200 1.96627468 0.434462359 34.6138216 75.2461754 293.7788501 290.9414967
363 86326 (1999 WK13) 55200 1.84419509 0.362913912 34.2967801 312.439699 78.5255269 25.2035584
364 86450 (2000 CK33) 55200 0.96812103 0.414883885 18.1065279 215.5635446 | 124.9081733 248.3882822
365 86666 (2000 FL10) 55200 1.46289386 0.426773866 29.0155804 258.8093229 187.0025718 | 233.5696953
366 86667 (2000 FO10) 55200 0.8592765 0.594725492 14.2842751 172.4076753 | 208.3889249 253.225644
367 86819 (2000 GK137) 55200 1.99551216 0.506340129 10.0553227 150.2000697 164.9920075 124.6969639
368 86829 (2000 GR146) 55200 1.46278744 0.57487555 14.3852274 31.290865 78.569827 225.0248092
369 86878 (2000 HD24) 55200 1.34149416 0.61846316 9.4733463 214.7858699 | 231.0954923 129.460336
370 87024 (2000 JS66) 55200 1.19641247 0.189737589 14.4330134 84.8843941 230.5918129 51.0386153
371 87025 (2000 JT66) 55200 1.22658759 0.483710312 25.3206455 359.5597313 120.5445539 88.6689458
372 87309 (2000 QP) 55200 0.84746278 0.463138275 34.7444561 188.1390686 | 294.3061302 247.1836435
373 87311 (2000 QJ1) 55200 1.58993212 0.512817553 7.688121 343.3193809 191.5051931 358.7570865
374 87684 (2000 SY2) 55200 0.85867208 0.642682065 19.2337121 47.7102519 162.0980347 333.8245165
375 88188 (2000 XH44) 55200 2.00692822 0.392981937 11.3915956 194.7824121 | 340.3293235 12.9369052
376 88213 (2001 AF2) 55200 0.95398065 0.595303337 17.8142683 194.9560546 | 114.3069258 2.1479891

377 88254 (2001 FM129) 55200 1.18189021 0.629443971 1.5239645 139.7069452 272.5850078 | 346.1196059
378 88263 (2001 KQ1) 55200 2.09673299 0.431647742 38.8197897 241.5118378 | 232.9410525 6.5051547

379 88264 (2001 KN20) 55200 2.14776875 0.453144478 12.0857937 201.3012239 105.0824331 247.9815302
380 88710 (2001 SL9) 55200 1.06134041 0.270111452 21.8990716 329.2753032 202.8872533 56.0123305
381 88959 (2001 TZ44) 55200 1.72364421 0.564200788 53.8050474 114.9656759 39.0351601 185.7095814
382 89136 (2001 US16) 55200 1.35572599 0.252744196 1.9043709 67.0027281 176.0199905 201.7271663
383 89355 (2001 VS78) 55200 1.78722213 0.307936723 22.6680816 84.8017388 103.2003805 96.7681528
384 89830 (2002 CE) 55200 2.07680254 0.507611858 43.7045635 5.6553808 19.9547486 275.8743659
385 89958 (2002 LY45) 55200 1.64173572 0.886257109 9.9666203 222.5098865 188.5468564 176.0391903
386 89959 (2002 NT7) 55200 1.73549597 0.528667886 42.3285456 300.6547905 132.1132763 38.3799808
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387 90075 (2002 VU94) 55200 2.1358514 0.573464654 8.9307022 30.2317474 226.9697418 | 222.3776955
388 90147 (2002 YK14) 55200 1.47416854 0.331584078 27.9902124 104.9689944 | 282.7726915 347.4330757
389 90367 (2003 LC5) 55200 1.15546946 0.426179444 16.8780728 313.7342536 86.8982504 7.640511

390 90373 (2003 S2219) 55200 1.62686377 0.204381645 9.8723685 218.5748663 189.4698753 351.9013891
391 90403 (2003 YE45) 55200 1.23464914 0.28014337 19.0017777 306.7651017 286.3176753 60.8694577
392 90416 (2003 YK118) 55200 1.69380582 0.49238787 7.851719 232.8751767 | 327.0636684 | 225.1478432
393 96189 Pygmalion 55200 1.82023266 0.307655151 13.9879339 292.8396236 | 287.3732171 228.3983217
394 96315 (1997 AP10) 55200 1.44301883 0.643390609 6.6528507 356.1256539 293.1791107 20.269923

395 96536 (1998 SO10) 55200 2.29820848 0.777521029 41.4543905 22.3980368 199.5739757 128.826369
396 96590 (1998 XB) 55200 0.90800845 0.351198705 13.5969838 202.6762598 75.7964134 125.0598351
397 96631 (1999 FP59) 55200 1.69932597 0.259383084 1.772692 303.6472559 19.7425679 207.6463348
398 96744 (1999 OW3) 55200 2.08882159 0.779993014 35.2211099 35.329051 196.4861938 | 227.7456733
399 97725 (2000 GB147) 55200 1.79809557 0.309337397 18.2021179 212.1422756 | 311.8574541 0.4611874

400 98943 (2001 CC21) 55200 1.0324191 0.219211899 4.8085388 179.306736 75.5998178 91.0893881
401 99248 (2001 KY66) 55200 1.86654193 0.507493556 10.6289658 61.2131726 284.3820703 72.867033

402 99799 (2002 LJ3) 55200 1.46174919 0.275592683 7.56 249.659432 122.4966491 15.9873185
403 99907 (1989 VA) 55200 0.7284919 0.59467659 28.7949327 2.8203554 225.6163654 | 320.5479352
404 99935 (2002 AV4) 55200 1.65400956 0.645003361 12.7559522 322.8323814 16.4647401 9.5329446

405 99942 Apophis 55200 0.9224193 0.19121106 3.3315178 126.4244705 204.439304 339.9486157
406 100004 (1983 VA) 55200 2.59732579 0.698926563 16.2711595 12.0512171 77.3277884 63.748143

407 100085 (1992 UY4) 55200 2.63756377 0.625904305 2.8085378 38.2293537 308.4802097 4.8048389

408 100756 (1998 FM5) 55200 2.26737307 0.553584785 11.514523 311.5887989 176.9389913 175.1998522
409 100926 (1998 MQ) 55200 1.7831479 0.407978767 24.226022 138.6643608 | 221.1813815 254.0668243
410 101869 (1999 MM) 55200 1.62380814 0.61082179 4.7647353 268.5545044 | 111.1226519 1.6101825

411 101873 (1999 NC5) 55200 2.02929402 0.393364927 45.767912 295.2240962 128.8815028 138.5034554
412 101955 (1999 RQ36) 55200 1.12630145 0.20377864 6.0350326 66.2268185 2.0612862 163.2247754
413 102873 (1999 WK11) 55200 2.13358386 0.46554011 7.4646454 220.3166466 72.7020302 164.8671037
414 103067 (1999 XA143) 55200 1.84388977 0.581381678 38.532632 103.9181488 116.781205 323.0620835
415 105140 (2000 NL10) 55200 0.9142948 0.817095109 32.5172425 281.5390503 237.4629932 67.8371294
416 105141 (2000 NF11) 55200 1.4210398 0.18903455 14.8236891 115.8127196 123.784654 261.1797746
417 106538 (2000 WK63) 55200 2.43679265 0.758936273 10.4000963 40.8983142 164.0675985 103.2153672
418 )106589 (B DTy 55200 2.14932382 0.614807844 14.335624 11.6244772 163.4603293 264.1828701
419 108519 (2001 LF) 55200 1.60339967 0.270903898 16.3913047 343.7313589 267.3368175 94.3887594
420 108906 (2001 PL9) 55200 1.23538731 0.36052697 20.9245819 343.9404371 172.1058456 186.9920091
421 111253 (2001 XU10) 55200 1.7536543 0.439415676 42.0280649 6.8707659 310.1993095 290.403618
422 112221 (2002 KH4) 55200 2.26937293 0.444775693 58.7247424 356.3080651 230.1139384 103.6946152
423 112985 (2002 RS28) 55200 2.2199727 0.492745745 46.9836654 105.3595601 | 212.0654938 102.7204287
424 115052 (2003 RD6) 55200 1.66872294 0.318159726 31.3227322 88.1868323 190.5929126 29.4877242
425 136564 (1977 VA) 55200 1.86518566 0.394337837 2.9806864 172.4620479 224.5852516 | 227.5277777
426 136582 (1992 BA) 55200 1.34183644 0.067875287 10.4977958 107.2994429 140.2421192 79.1392411
427 136617 (1994 CC) 55200 1.63750047 0.417029823 4.683322 24.733962 268.6333213 84.4580574
428 136618 (1994 CN2) 55200 1.57323904 0.395024689 1.4382255 248.1958487 99.3682504 162.6638988
429 136635 (1994 VA1) 55200 1.57337282 0.174735596 7.6348774 310.8737547 | 231.8049302 113.2221005
430 136745 (1995 WL8) 55200 2.3657922 0.483782166 17.7728003 131.4935082 248.0872568 | 330.1285227
431 136770 (1996 PC1) 55200 1.83966079 0.451499716 25.1178846 45.7665565 326.3375555 112.9477882
432 136773 (1996 TR6) 55200 1.58482926 0.180277871 22.0984422 117.6182673 196.3478585 286.6455399
433 136793 (1997 AQ18) 55200 1.14696334 0.465341844 17.379411 36.9644708 296.3184685 299.9723545
434 136795 (1997 BQ) 55200 1.74524917 0.478984042 11.0061155 147.3596772 50.2389072 193.9738002
435 136818 Selget 55200 0.93757032 0.34643397 12.771206 203.7486739 260.032379 92.6426984
436 136839 (1997 WT22) 55200 1.48587476 0.305965033 8.1588849 74.6882781 72.0038859 194.6038905
437 136849 (1998 CS1) 55200 1.49122282 0.578419398 7.7879824 97.4702362 110.9300554 162.7556793
438 136874 (1998 FH74) 55200 2.20063185 0.884748164 21.2553582 193.2766739 197.6130414 | 265.3311813
439 136897 (1998 HJ41) 55200 1.36338541 0.124883901 38.8759215 120.0938751 211.8937801 31.3646838
440 136900 (1998 HL49) 55200 1.74263457 0.635500141 11.0170919 238.9852372 206.2549511 101.157235
441 136923 (1998 JH2) 55200 2.13451284 0.442268439 6.6186072 286.9514733 51.3085477 177.3737327
442 136993 (1998 ST49) 55200 2.31036667 0.592447632 24.5319101 47.8770757 18.3837741 64.5734029
443 137032 (1998 UO1) 55200 1.59503858 0.763009275 25.5334866 252.2603749 | 358.6882938 | 249.2738447
444 137044 (1998 UC50) 55200 2.26750898 0.430425151 4.3897137 166.1341447 | 335.1831502 45.8578331
445 137052 (1998 VO33) 55200 1.24795086 0.809452257 14.9357579 209.8104195 64.3792767 35.6495137
446 137062 (1998 WM) 55200 1.22468511 0.315356899 22.5139491 172.4788896 45.6819484 303.3314957
447 137064 (1998 WP5) 55200 1.37419151 0.195223742 19.5028705 97.5716442 36.1674134 274.7170013
448 137078 (1998 XZ4) 55200 1.93770815 0.638936378 23.2123785 9.4743591 324.5338035 70.9818589
449 137084 (1998 XS16) 55200 1.21231586 0.496531881 26.5515266 358.2428051 273.0344237 291.0994676
450 137099 (1998 YW3) 55200 1.1000934 0.462671454 28.7950462 194.8038026 94.3107949 356.283876
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451 137108 (1999 AN10) 55200 1.45882703 0.56198781 39.9338863 268.2906793 314.4679 35.9077942
452 137120 (1999 BJ8) 55200 1.90021067 0.548566087 9.0162805 221.4814476 | 339.8235006 40.2922717
453 137125 (1999 CT3) 55200 1.42684168 0.131756921 34.2374989 268.2378502 | 321.9670729 57.7894392
454 137126 (1999 CF9) 55200 1.77242999 0.599373593 5.5459063 89.8840443 157.3539004 186.551837
455 137158 (1999 FB) 55200 1.17986654 0.606886051 12.8998649 2.9701475 37.1496508 221.2494044
456 137170 (1999 HF1) 55200 0.81902873 0.462412006 25.6627503 253.352202 155.9154077 269.9324012
457 137175 (1999 JA11) 55200 1.26138785 0.341118797 16.4312809 328.2608393 116.3013716 | 298.3337106
458 137199 (1999 KX4) 55200 1.45734194 0.292690588 16.5721288 76.2722057 105.0083522 66.4560063
459 137427 (1999 TF211) 55200 2.45112632 0.612765479 39.1900434 161.428247 348.2332669 184.4925277
460 137671 (1999 XP35) 55200 1.43469686 0.184095236 21.1021457 198.1948905 263.5072641 301.9822238
461 137799 (1999 YB) 55200 1.32123493 0.074978314 6.790626 192.6841788 31.0363762 95.5989404
462 137802 (1999 YT) 55200 1.77656125 0.351868945 31.5825904 272.5710944 116.505901 126.1304053
463 137805 (1999 YK5) 55200 0.82942738 0.558294588 16.7414176 292.7717453 | 349.6358609 243.677056
464 137911 (2000 AB246) 55200 2.30499729 0.492583788 3.7466457 311.6637105 29.7466536 325.134768
465 137924 (2000 BD19) 55200 0.87647379 0.895046768 25.6904758 324.2712495 | 333.7817161 206.4255961
466 137925 (2000 BJ19) 55200 1.29176725 0.763835236 31.1043021 175.4658491 131.2613249 121.5402882
467 138013 (2000 CN101) 55200 1.59858396 0.634929983 15.9524662 118.5031992 183.547805 191.5387734
468 138095 (2000 DK79) 55200 1.77641373 0.414161211 60.6803139 2.4588315 43.4801366 132.508654
469 138127 (2000 EE14) 55200 0.66184523 0.532991172 26.4686187 197.8102968 | 155.7915924 | 271.2882374
470 138155 (2000 ES70) 55200 1.80855168 0.319537849 25.4474491 281.5111891 177.8050572 54.2080974
471 138175 (2000 EE104) 55200 1.00476794 0.293429992 5.2417863 280.9055736 25.9342286 165.2483753
472 138205 (2000 EZ148) 55200 2.57228496 0.618884394 11.0485083 304.066229 5.2097461 90.7750757
473 138258 (2000 GD2) 55200 0.75778739 0.476621407 32.1431379 16.9427198 358.1481586 71.4643782
474 138325 (2000 GO82) 55200 2.16398387 0.8041248 25.5950627 164.2849819 173.4609007 349.1743602
475 138359 (2000 GX127) 55200 1.14133222 0.361258452 20.2395149 4.675206 44.0331857 141.0173375
476 138404 (2000 HA24) 55200 1.13974976 0.318838006 2.1723526 141.756728 309.8180975 84.0770282
477 138524 (2000 0J8) 55200 2.36136434 0.565667182 6.2165784 181.0784779 | 226.7036593 178.9162134
478 138727 (2000 SU180) 55200 2.10342395 0.606896372 11.8824436 135.9349013 | 328.1653498 | 345.5821599
479 138815 (2000 TQ64) 55200 2.08780595 0.382750923 8.2626134 227.7084952 20.511352 120.677266
480 138846 (2000 VJ61) 55200 2.18313679 0.563924337 18.6720038 280.4206391 | 270.6871845 270.5327875
481 138847 (2000 VE62) 55200 1.61894376 0.287410055 22.1779757 16.1377905 207.1646247 341.7955406
482 138852 (2000 WN10) 55200 1.00143352 0.299174968 21.4781827 225.1352672 60.9831212 146.1548403
483 138859 (2000 WN63) 55200 1.57365904 0.531850551 13.1435925 144.2640478 55.997107 128.7868636
484 138877 (2000 XG47) 55200 2.14102843 0.542384435 25.2787957 127.4883727 44.0075068 290.0392069
485 138883 (2000 YL29) 55200 1.53603145 0.344141125 21.8883262 115.7985219 182.8341504 89.1818121
486 138893 (2000 YH66) 55200 1.17295295 0.743542564 18.327791 341.2812526 | 265.3273375 317.1212065
487 138911 (2001 AE2) 55200 1.34961658 0.081636635 1.660923 43.0939194 171.4934 165.0512482
488 138925 (2001 AU43) 55200 1.89668085 0.377267047 72.1415343 149.2674275 129.3240714 48.4552328
489 138937 (2001 BK16) 55200 2.07242196 0.678310388 31.8416749 252.2507138 99.0977686 23.4682336
490 138947 (2001 BA40) 55200 1.11898565 0.25376816 12.8448459 359.9932922 270.9464784 81.1394898
491 138971 (2001 CB21) 55200 1.03476076 0.333602023 7.9034722 271.6882147 | 353.8503723 96.8155791
492 139047 (2001 EB16) 55200 1.86224023 0.386299186 47.0073707 346.1389237 149.583912 177.1842885
493 139056 (2001 FY) 55200 1.8859882 0.327813955 4.7314655 110.3506953 111.3138692 124.7440953
494 139211 (2001 GN2) 55200 1.86041522 0.45175284 26.0647375 3.3213903 173.5981282 167.9148689
495 139289 (2001 KR1) 55200 1.25960789 0.841300003 23.2206163 291.2208926 | 102.9865534 | 343.2214583
496 139345 (2001 KA67) 55200 1.80564749 0.701983744 22.3846565 37.6034944 108.6770792 218.0496504
497 139359 (2001 ME1) 55200 2.65013839 0.865910718 5.7887845 300.0567939 86.7372181 340.6195471
498 139622 (2001 QQ142) 55200 1.42284817 0.311112735 9.3149207 337.8125748 83.3100004 294.3484485
499 140039 (2001 SO73) 55200 1.81957282 0.568710591 4.8614426 30.6004681 197.346366 216.4085853
500 140158 (2001 SX169) 55200 1.34698054 0.461141008 2.5133153 42.5733128 126.9387049 290.8101456
501 140288 (2001 SN289) 55200 1.78380137 0.506958489 53.2603886 225.5632374 | 357.1547358 | 271.0053314
502 140333 (2001 TD2) 55200 0.96196469 0.481451781 19.0369527 199.0182889 12.8878864 14.8750403
503 140928 (2001 VG75) 55200 1.51864712 0.297056971 20.6627857 257.2296495 245.5388528 45.2711127
504 141018 (2001 WC47) 55200 1.39848818 0.241301172 2.8667533 100.9944709 91.8442335 229.397678
505 141052 (2001 XR1) 55200 1.24555427 0.550141682 17.6509063 304.0432362 291.6138123 193.9231832
506 141053 (2001 XT1) 55200 1.52780875 0.579388628 2.7427588 31.0978309 316.4873877 130.4499746
507 141056 (2001 XV4) 55200 1.81711019 0.444199341 28.8380087 300.3630732 | 259.3202784 21.6115343
508 141078 (2001 XQ30) 55200 1.86293864 0.451176588 11.4687229 270.5197838 | 234.8786677 20.2702248
509 141079 (2001 XS30) 55200 1.16462275 0.828128285 28.5244636 0.8394375 251.4806002 30.8406574
510 141354 (2002 AJ29) 55200 1.98874091 0.452026995 10.9260171 0.283188 204.0418278 | 277.5076489
511 141424 (2002 CD) 55200 0.97951441 0.176544459 6.8777407 331.7116106 8.7211608 190.7595273
512 141432 (2002 CQ11) 55200 0.97886279 0.428438279 2.4597252 272.7322171 81.4273024 138.691911
513 141447 (2002 CW59) 55200 2.37962315 0.507041779 32.1395055 7.2069942 151.1948171 37.9985019
514 141484 (2002 DB4) 55200 0.85758892 0.369445991 16.6028644 94.0813517 234.3221011 61.2442336
515 141495 (2002 EZ11) 55200 1.11406696 0.802223465 2.3495884 317.4956534 52.1345601 349.3448793
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516 141498 (2002 EZ16) 55200 0.92160122 0.566439703 30.1438484 25.3254107 262.9377311 73.8635735
517 141525 (2002 FV5) 55200 1.086896 0.724862351 34.0130622 308.0467405 38.9227155 234.2036917
518 141526 (2002 FA6) 55200 1.01371097 0.322402365 30.0996657 173.3490403 174.7140708 87.8490346
519 141527 (2002 FG7) 55200 1.5138672 0.626691286 9.197325 247.444565 187.6926771 104.8316081
520 141531 (2002 GB) 55200 0.99219885 0.528886002 22.5531467 8.3099368 40.8464812 15.8355713
521 141593 (2002 HK12) 55200 2.00181189 0.529995758 2.3596816 2.0501597 307.1782076 | 222.0788797
522 141614 (2002 JV15) 55200 1.62378772 0.536362556 7.173829 127.1839785 | 200.7829629 216.3719375
523 141670 (2002 JS100) 55200 2.38422189 0.485163435 13.3369352 191.5246695 144.329572 341.7514677
524 141761 (2002 MC) 55200 2.57810132 0.508445409 18.9027219 159.9742328 151.608164 289.2353237
525 141765 (2002 MP3) 55200 1.99983766 0.469001442 33.0683573 270.0824176 | 100.4509139 173.0304164
526 141851 (2002 PM6) 55200 1.19798028 0.850234221 19.2127463 224.2660151 | 304.2688206 | 272.0745131
527 141874 (2002 PO34) 55200 1.83483342 0.348482486 10.9844713 290.8310258 | 143.7499594 | 273.5685679
528 142040 (2002 QE15) 55200 1.66714169 0.344568297 28.2408063 160.4105968 | 226.4397595 121.5760579
529 142348 (2002 RX211) 55200 2.06532152 0.458203894 6.0623014 324.0962446 96.742995 136.9459709
530 142464 (2002 TC9) 55200 1.23340295 0.154454311 16.2787433 29.201851 191.88675 260.0273017
531 142555 (2002 TB58) 55200 2.62978279 0.566248901 23.354762 267.6835453 | 219.6272942 231.6139452
532 142561 (2002 TX68) 55200 1.67396512 0.293274732 16.6516131 122.3242623 150.2364238 | 201.0018465
533 142563 (2002 TR69) 55200 1.66014774 0.34399235 20.5014736 192.0741083 | 342.0454662 355.98837

534 142781 (2002 UM11) 55200 1.95074513 0.387263604 41.034475 228.9975952 | 229.0626393 187.1817363
535 143381 (2003 BC21) 55200 2.59900878 0.507376494 5.4642463 113.464834 292.7005329 281.6217915
536 143404 (2003 BD44) 55200 1.96657517 0.605050025 2.6659818 88.5607265 181.8558132 114.3771696
537 143409 (2003 BQ46) 55200 1.94928746 0.351665379 8.1688194 44.1084644 163.905987 154.2534101
538 143487 (2003 CR20) 55200 2.12167225 0.731808336 4.9913996 88.1669832 177.703608 50.7698162
539 143527 (2003 EN16) 55200 1.66134824 0.352037067 17.3121707 242.0744367 181.8016684 143.9212434
540 143624 (2003 HM16) 55200 1.96594531 0.576505431 35.6620239 46.8803765 196.0947612 133.3168866
541 143637 (2003 LP6) 55200 1.74608626 0.88357371 43.6102354 260.4531677 144.8467692 281.0979461
542 143643 (2003 NP7) 55200 2.18154674 0.416230415 11.1052575 323.4881772 285.379306 15.0732338
543 143649 (2003 QQ47) 55200 1.08528177 0.18704446 62.1031491 104.9924893 1.0064401 147.0460364
544 143651 (2003 Q0104) 55200 2.13525392 0.524621311 11.611154 183.5630661 58.2778403 69.3254555
545 143678 (2003 SA224) 55200 1.64926388 0.329049255 13.864288 141.91098 2.8565611 304.4131218
546 143947 (2003 YQ117) 55200 2.18059402 0.655273455 21.0073659 135.5992808 | 217.6418787 13.5477827
547 143992 (2004 AF) 55200 1.9716063 0.553199136 27.1685406 57.7802559 315.8008631 82.3008992
548 144332 (2004 DV24) 55200 1.42257825 0.289615171 55.8993982 186.325303 171.1598308 | 310.2306491
549 144411 (2004 EW9) 55200 1.9177799 0.532779137 8.7821308 8.0149015 288.9393024 15.93168

550 144861 (2004 LA12) 55200 2.51218769 0.747887569 39.405671 199.4167762 159.2493823 88.4824986
551 144898 (2004 VD17) 55200 1.50800055 0.588828841 4.2231337 90.74592 224.2023064 | 312.0181221
552 144900 (2004 VG64) 55200 0.96819325 0.655362108 36.2722835 43.8858718 208.9091981 203.7872163
553 144901 (2004 WG1) 55200 1.64026666 0.521430778 13.0552054 232.2738627 42.1416882 257.0753866
554 144922 (2005 CK38) 55200 2.13189613 0.412845883 8.2435091 213.5725025 8.8964793 177.0941575
555 145656 (4788 P-L) 55200 2.63007748 0.560813633 11.0291231 97.9901125 176.7919554 210.488404
556 152558 (1990 SA) 55200 2.01371262 0.442188851 38.1252632 115.1315166 | 172.2535917 297.2814583
557 152560 (1991 BN) 55200 1.4436344 0.398139044 3.4460181 80.7304004 268.9929349 67.8762119
558 152561 (1991 RB) 55200 1.45447044 0.485513799 19.5869556 68.8417049 359.4127194 125.6874428
559 152563 (1992 BF) 55200 0.9080301 0.271804045 7.2540027 336.4419447 | 315.4656445 113.1852769
560 152564 (1992 HF) 55200 1.39097644 0.561914935 13.3126297 128.1936102 213.4939294 | 223.9245417
561 152575 (1994 GY) 55200 2.68539857 0.524172684 12.328646 190.5443356 33.8030616 204.0187355
562 152637 (1997 NC1) 55200 0.86551167 0.208250152 16.7178007 16.6541169 96.5649561 342.9954148
563 152664 (1998 FW4) 55200 2.51557084 0.721525984 3.471552 80.8404646 357.9054784 13.1619105
564 152667 (1998 FR11) 55200 2.79127705 0.713073065 6.6314116 157.9602321 130.3089743 156.7337649
565 152671 (1998 HL3) 55200 1.12850617 0.366004776 2.6786731 188.0825263 163.7467819 168.2521678
566 152679 (1998 KU2) 55200 2.25304439 0.552486356 4.9215279 120.1877125 205.9237047 126.9521284
567 152680 (1998 KJ9) 55200 1.44804031 0.639824372 10.9332489 259.8945214 98.7326177 201.6655603
568 152685 (1998 MZ) 55200 1.346979 0.573172463 0.1449948 41.3123903 120.1548657 183.7108868
569 152742 (1998 XE12) 55200 0.87827425 0.739074132 13.4343867 353.0725339 280.0959632 270.5489392
570 152754 (1999 GS6) 55200 1.19108465 0.497347892 2.0220906 134.7936136 | 314.6466089 148.8142326
571 152756 (1999 JV3) 55200 1.45098226 0.41507813 15.2252255 101.4317319 229.1449767 342.8487075
572 152770 (1999 RR28) 55200 1.87902382 0.653318023 7.1336548 284.2854 178.4538875 324.6900576
573 152787 (1999 TB10) 55200 1.36301506 0.231621634 15.954087 137.309974 1.9601626 47.7972523
574 152828 (1999 VT25) 55200 1.16159752 0.523245469 5.1467019 319.0251547 222.0956728 324.53242

575 152889 (2000 CF59) 55200 1.6794734 0.640379709 41.5994019 222.3702155 141.8550633 247.4103925
576 152895 (2000 €Q101) 55200 2.28881003 0.494125381 2.9828847 173.8435345 29.913208 281.734744
577 152931 (2000 EA107) 55200 0.92966014 0.455807373 28.5768861 278.0004665 52.9404571 160.6478775
578 152941 (2000 FM10) 55200 1.48104021 0.680895265 8.734996 343.8442236 18.6121646 9.3808097

579 152942 (2000 FN10) 55200 1.93845142 0.455681754 27.1206872 235.1937628 8.3393761 204.5011567
580 152952 (2000 GC2) 55200 1.3835695 0.187041473 55.2977539 280.2868136 | 358.7159327 274.1403343
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581 152964 (2000 GP82) 55200 1.39657049 0.393242955 13.2249068 332.9757984 | 114.9314709 37.0884569
582 152978 (2000 GJ147) 55200 1.16208088 0.23659834 25.0077334 240.8216996 57.9177644 205.7377081
583 153002 (2000 JG5) 55200 1.34056096 0.795594707 31.4733729 233.3203813 213.1954452 118.6831303
584 153195 (2000 WB1) 55200 1.30120418 0.619009174 41.1152244 262.8780145 21.4767635 113.9439183
585 )153201 (2000 w0107 55200 0.91134376 0.780631703 7.7785824 213.616016 69.3494932 222.0347059
586 153219 (2000 YM29) 55200 2.08916507 0.43493476 40.3183906 0.7250327 116.6066396 | 351.3614655
587 153220 (2000 YN29) 55200 2.53346052 0.672373892 5.443751 132.4272327 72.7397738 50.6064614
588 153243 (2001 AU47) 55200 1.29893372 0.530639628 35.9848473 9.318825 311.9417115 94.8362091
589 153249 (2001 BW15) 55200 2.11828615 0.590588578 41.2149624 297.9306452 | 329.0164542 247.8090365
590 153267 (2001 CB32) 55200 1.78157915 0.614271733 9.6605292 330.3248632 75.6736406 289.9791593
591 153271 (2001 CL42) 55200 1.55688767 0.4024361 21.6560703 270.7398716 12.1432763 120.1117364
592 153306 (2001 JL1) 55200 2.55168859 0.523455713 26.9837279 272.526387 226.7281229 72.1802868
593 153311 (2001 MG1) 55200 2.50464332 0.643356138 28.4267153 218.3784502 142.4763917 39.8260371
594 153315 (2001 NH6) 55200 1.23747931 0.449738397 34.6948536 288.3404492 112.6056583 341.975992
595 153349 (2001 PJ9) 55200 1.79826587 0.639972886 10.5197488 290.7334744 | 284.2148429 212.4143397
596 153415 (2001 QP153) 55200 0.89159431 0.213718026 50.2084584 244.3052283 | 317.7020703 87.6117637
597 153460 (2001 RN) 55200 1.41370567 0.580859378 10.0947149 30.2646524 211.5604461 21.2205289
598 153591 (2001 SN263) 55200 1.98805614 0.478023075 6.6863333 172.7685938 325.872552 243.2129074
599 153792 (2001 VH75) 55200 2.10334491 0.740997221 10.632821 243.5589228 | 276.8578673 205.8816389
600 153814 (2001 WN5) 55200 1.71118682 0.466958886 1.9217413 44.2870167 277.726446 254.1284482
601 153842 (2001 XT30) 55200 2.73861388 0.572777138 9.0712496 218.7420633 140.3983842 309.1911684
602 153951 (2002 AC3) 55200 1.83589416 0.34256213 15.4891405 214.8021042 | 314.5653826 41.6489808
603 153953 (2002 AD9) 55200 1.77333417 0.808870504 31.1018912 9.65603 2.6430963 169.2041626
604 153957 (2002 AB29) 55200 2.53348164 0.758362824 46.5437611 73.2141575 89.7879805 340.3253984
605 153958 (2002 AM31) 55200 1.70467025 0.452166114 4.6218341 197.6782348 | 144.5724245 293.1325642
606 154007 (2002 BY) 55200 1.81865234 0.3464831 2.7226737 23.5887182 214.3679511 18.4831522
607 154019 (2002 CZ9) 55200 1.32566959 0.360171214 4.9706499 80.6609688 142.9588736 17.5104563
608 154020 (2002 CA10) 55200 1.54180678 0.589835662 12.1315667 222.0297855 145.4552778 105.869261
609 154029 (2002 CY46) 55200 1.89055219 0.463047358 44.1671306 319.3419567 | 346.2295455 282.8080052
610 154035 (2002 CV59) 55200 1.21012186 0.532294922 49.0541494 347.0864369 13.1172411 186.026622
611 154144 (2002 FAS) 55200 1.83375763 0.29623661 23.6137164 126.2853353 172.6632913 331.365491
612 154229 (2002 JN97) 55200 1.851527 0.718552655 10.0712756 341.4273282 67.7456277 46.9139404
613 154244 (2002 KL6) 55200 2.30674269 0.548664032 3.2368743 96.023898 214.8708931 46.4069785
614 154268 (2002 RM129) 55200 1.51142839 0.464915577 14.5718127 357.4589254 | 132.7246257 236.7870563
615 154269 (2002 SM) 55200 1.87179765 0.485316802 14.4337722 217.1570141 10.9795155 21.9396674
616 154275 (2002 SR41) 55200 1.08262354 0.490747299 11.5922793 258.0445052 247.9223008 78.3538443
617 154276 (2002 SY50) 55200 1.70528694 0.690042235 8.7474935 99.3591093 34.3762437 57.0725536
618 154278 (2002 TB9) 55200 1.80423161 0.591783922 29.710161 322.541448 196.3620032 270.26636

619 154300 (2002 UO) 55200 1.20910571 0.472267264 8.3004409 184.1108994 90.7937965 209.8238217
620 154302 (2002 UQ3) 55200 1.71912982 0.562134859 28.8121504 280.8556642 222.8930837 29.9413562
621 154330 (2002 VX94) 55200 1.47609103 0.408882108 7.1665142 214.9495426 | 320.2716114 267.112629
622 154347 (2002 XK4) 55200 1.84956839 0.692124605 17.8153068 24.7276371 331.8122173 319.4750958
623 154453 (2003 CJ11) 55200 2.58905139 0.832875549 20.7070232 356.2564978 61.7496135 255.7269831
624 154555 (2003 HA) 55200 1.18437739 0.580472662 36.8227346 277.1097042 53.5668775 338.9721431
625 154589 (2003 MX2) 55200 2.29010429 0.45728961 7.1707601 300.0147978 59.0217724 274.5307803
626 154590 (2003 MA3) 55200 1.10584186 0.402291238 1.4112809 228.7375685 152.7790016 156.9547651
627 154631 (2003 WO25) 55200 1.55707572 0.492051788 15.9111522 175.9109461 | 357.9028373 343.2597828
628 154652 (2004 EP20) 55200 1.05852637 0.45062521 16.1754492 191.2865677 159.6347511 334.1685516
629 154656 (2004 FE3) 55200 231112218 0.647016104 22.9393806 338.2244924 339.176396 182.7314484
630 154658 (2004 FA18) 55200 1.09658661 0.454826383 19.2866316 318.5672593 29.6543446 246.2646341
631 154715 (2004 LB6) 55200 1.61816707 0.490666918 4.0971302 190.4888169 182.8291293 214.2706616
632 154807 (2004 PP97) 55200 1.48402229 0.316469297 15.5326206 68.539187 15.1890871 259.5624201
633 154988 (2004 XN35) 55200 1.50587826 0.680059294 9.8179838 189.9000096 133.02631 297.5007406
634 154991 Vinciguerra 55200 1.70501397 0.322860037 5.6371462 269.2181591 245.6957243 106.4579501
635 154993 (2005 EA94) 55200 1.51640391 0.663672731 10.3157866 308.8034561 104.2537209 234.7854782
636 155110 (2005 TB) 55200 1.26140404 0.348277005 30.3859459 44.7334229 226.2262702 43.6270892
637 155140 (2005 UD) 55200 1.27490937 0.87207544 28.7299987 207.5024731 19.813063 8.866201

638 155334 (2006 DZ169) 55200 2.03408092 0.408726991 6.6177692 275.4494921 15.1214313 45.6075622
639 155336 (2006 GA1) 55200 2.11707764 0.738597 4.2059536 355.2500634 64.3931353 119.8721561
640 155338 (2006 MZ1) 55200 1.56906414 0.482650836 2.0784893 138.4551833 226.7616334 | 253.6343716
641 155340 (2006 SK198) 55200 2.10507307 0.468441377 9.2491067 352.3234748 | 260.6355465 123.5237627
642 155341 (2006 SA218) 55200 1.47766683 0.241550155 18.5208228 277.9222848 | 144.4389593 271.8959828
643 159368 (1979 QB) 55200 2.33132639 0.442736556 3.3546437 12.1857077 342.4109741 180.3597588
644 159399 (1998 UL1) 55200 1.52688096 0.214040577 41.967855 353.1284849 214.8903807 148.433186
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645 159402 (1999 AP10) 55200 2.37663315 0.574725136 7.6287314 46.8570681 357.4571761 16.2103693
646 159454 (2000 DJ8) 55200 1.41132933 0.252689489 37.7504467 262.9029897 139.5860811 53.4045127
647 159459 (2000 KB) 55200 2.34032657 0.79668785 56.0589245 185.060794 185.4549924 | 229.9763836
648 159467 (2000 QK25) 55200 1.80914905 0.282832858 6.1371167 240.2602351 138.878796 277.3271672
649 159495 (2000 UV16) 55200 2.34766394 0.484983849 4.0810472 352.5994267 | 341.7886339 226.2104973
650 159504 (2000 WO67) 55200 2.43319035 0.618383384 9.7003517 237.649568 107.792945 176.3164852
651 159518 (2001 FF7) 55200 2.10467414 0.442863739 47.5309717 59.3499386 190.2207216 | 296.8584973
652 159533 (2001 HH31) 55200 1.65443058 0.289104455 12.8517778 275.8315677 71.7070954 294.5491206
653 159555 (2001 SJ276) 55200 1.63037831 0.230230255 29.4360634 123.4221215 215.0023168 8.5000824

654 159560 (2001 TO103) 55200 2.21387554 0.434673007 25.7205092 261.6520229 42.3433506 231.0463926
655 159608 (2002 AC2) 55200 1.6742255 0.351343514 58.8886331 208.0851746 | 102.7261249 49.6755118
656 159609 (2002 AQ3) 55200 2.11107398 0.462210841 40.0262738 243.4519245 124.3215035 271.8323247
657 159635 (2002 CZ46) 55200 1.70331721 0.324214559 16.2421155 246.2559694 | 173.4726974 | 256.5135178
658 159677 (2002 HQ11) 55200 1.850532 0.59576974 6.0461166 322.1099348 | 153.3714168 50.7374213
659 159686 (2002 LB6) 55200 1.80365699 0.688766737 24.6790919 140.8631953 244.8809913 7.217907

660 159699 (2002 PQ142) 55200 1.69591281 0.71672249 16.7872493 332.0878787 151.3672715 79.6664649
661 159856 (2004 JW6) 55200 2.15431098 0.466429911 9.754787 174.3644871 144.0080051 245.0891428
662 159857 (2004 LJ1) 55200 2.26506216 0.592739528 23.0334083 139.5817653 235.8608608 197.3109833
663 159923 (2004 YJ32) 55200 2.52363869 0.524952906 7.5254692 234.2485168 | 118.8430598 159.0683924
664 159928 (2005 CV69) 55200 1.65452274 0.419319234 27.749119 95.5663605 157.5806021 54.1071628
665 159929 (2005 UK) 55200 1.88680527 0.406785989 54.424198 19.401191 222.5909146 | 351.7849743
666 161989 Cacus 55200 1.12304218 0.213987907 26.0608342 102.1252851 161.2700851 186.6199729
667 161995 (1983 LB) 55200 2.28815985 0.478047126 25.2595338 220.7397782 81.2629277 229.7837351
668 161998 (1988 PA) 55200 2.14675272 0.406442957 8.2166466 137.4793925 162.2204409 295.4279291
669 161999 (1989 RC) 55200 2.31256594 0.515250156 7.3879843 181.1898052 140.2382735 286.1267903
670 162000 (1990 0S) 55200 1.6781218 0.462669871 1.0961065 21.3652123 346.6762825 312.0469742
671 162004 (1991 VE) 55200 0.89082022 0.664515215 7.2204176 193.5440209 61.9705608 302.986948
672 162011 (1994 AB1) 55200 2.82965504 0.598614076 4.5572172 343.0116827 66.7418869 133.7707973
673 162015 (1994 TF2) 55200 0.99305148 0.284142498 23.7538144 349.7103476 | 175.2627141 8.1310669

674 162038 (1996 DH) 55200 1.58706073 0.276641055 17.2321856 351.4453368 | 309.3492127 199.7519597
675 162039 (1996 JG) 55200 1.80235932 0.66038085 5.2799692 279.9822444 53.0738806 205.8791296
676 162058 (1997 AE12) 55200 2.36843552 0.552501252 4.8946624 59.5893037 305.7052048 | 260.4821912
677 162063 (1997 EH29) 55200 1.214263 0.666536668 13.0185688 198.5704 175.1728058 | 323.6445136
678 162080 (1998 DG16) 55200 0.89670808 0.358231583 16.2093427 356.8032319 | 344.4077187 175.647313
679 162082 (1998 HL1) 55200 1.24611325 0.187136542 20.0465863 148.4431587 213.5996664 2.8520406

680 162116 (1998 SA15) 55200 1.91639603 0.557488522 7.0981957 331.279765 114.3132946 61.0410698
681 162117 (1998 SD15) 55200 0.93251219 0.344835476 26.7978186 35.7978879 183.9670166 | 296.9371975
682 162120 (1998 SH36) 55200 1.08792775 0.57104434 2.1297566 278.6487066 | 218.0256794 | 269.1861033
683 162142 (1998 VR) 55200 0.87574697 0.318022092 21.8023304 170.6650519 46.4263937 58.5219105
684 162149 (1998 YQ11) 55200 1.87368282 0.396716501 11.9404384 245.4780719 | 256.7931498 98.5478428
685 162157 (1999 CV8) 55200 1.29699694 0.351608173 15.2640286 279.2308149 132.0488991 189.8838682
686 162161 (1999 DK3) 55200 2.11477358 0.443902141 43.1250383 103.0083979 149.8417354 152.3485949
687 162162 (1999 DB7) 55200 1.20589734 0.194868288 10.8411613 29.8099797 157.6430946 50.8831072
688 162168 (1999 GT6) 55200 2.80045681 0.588205658 4.0633778 78.8933367 206.2910293 69.354651

689 162173 (1999 JU3) 55200 1.18964141 0.190330872 5.8833075 211.4117136 251.636684 186.9695942
690 162181 (1999 LF6) 55200 1.40912506 0.280475001 18.9402124 140.7632267 | 208.5668255 60.8787935
691 162183 (1999 NB5) 55200 2.07517181 0.534567218 1.4219752 122.2950226 | 236.0320955 161.0270799
692 162186 (1999 OP3) 55200 2.71151425 0.609454602 27.5652189 271.2262407 | 311.5646349 160.1792259
693 162195 (1999 RK45) 55200 1.59799214 0.773213026 5.8934947 4.0942883 120.0400448 4.6791891

694 162196 (1999 RL45) 55200 1.82645061 0.374668381 22.4429484 234.1369135 172.0244321 31.2075184
695 162210 (1999 SM5) 55200 2.29477231 0.696282302 5.2098417 319.1175006 | 327.7884353 356.4589324
696 162214 (1999 TC10) 55200 2.32663445 0.583473147 19.260123 57.9944472 28.2730791 305.4656177
697 162215 (1999 TL12) 55200 1.08144185 0.436648434 17.3368146 346.708289 202.3771455 229.070036
698 162269 (1999 VO6) 55200 1.13541538 0.73826519 40.0890759 302.4539737 206.9402389 93.7588775
699 162273 (1999 VL12) 55200 1.59363457 0.236110308 20.1843702 40.8470848 234.4603359 138.427877
700 162361 (2000 AF6) 55200 0.87809829 0.411458163 2.6966596 200.0813376 | 110.8148315 195.0110986
701 162385 (2000 BM19) 55200 0.74092745 0.358579303 6.896012 247.5551381 70.4952874 336.9392185
702 162416 (2000 EH26) 55200 1.85420453 0.477311882 0.393643 18.9425655 215.3252279 295.9563635
703 162421 (2000 ET70) 55200 0.94691973 0.12353427 22.3227064 46.3466116 331.196841 13.0748582
704 162422 (2000 EV70) 55200 1.20770915 0.531146729 1.3931184 314.9592059 108.4554184 189.3005246
705 162433 (2000 FK10) 55200 1.3589143 0.481445794 13.9465738 246.9116989 41.7631683 7.1128416

706 162452 (2000 HO14) 55200 2.26436535 0.445183157 5.4553851 53.8178103 217.5149884 | 280.4705048
707 162463 (2000 JH5) 55200 1.14529718 0.237856149 22.2119093 353.3740405 80.2557709 90.9166923
708 162470 (2000 KX43) 55200 1.11265192 0.552821613 35.2784898 31.7504174 83.7894354 128.3706524
709 162472 (2000 LL) 55200 1.25879964 0.118326685 31.8559173 66.8479537 245.6866655 238.1249754
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710 162474 (2000 LB16) 55200 1.24080325 0.357616954 50.7082109 285.2717612 80.8917534 272.7550574
711 162483 (2000 PJ5) 55200 0.87265732 0.373607623 51.183404 7.6271973 124.4338973 333.649872
712 162510 (2000 QW69) 55200 1.37599066 0.301867117 38.1584404 220.6446788 344.384894 34.3789877
713 162566 (2000 RJ34) 55200 2.63636982 0.573663162 13.8493866 143.1826517 | 331.4013286 16.4278168
714 162567 (2000 RW37) 55200 1.24775244 0.250316309 13.7478102 133.2034632 | 333.3782123 153.0599375
715 162581 (2000 SA10) 55200 1.66741484 0.351582948 15.8933685 248.0941302 200.4164205 67.5101739
716 162635 (2000 SS164) 55200 2.58015069 0.509149792 7.8082203 311.2242654 | 154.1401583 57.0976795
717 162679 (2000 TK1) 55200 1.19950724 0.571857747 29.2333774 167.3128774 13.0523283 238.7336851
718 162687 (2000 UH1) 55200 1.87605241 0.543417173 14.7986043 40.7017475 76.3322603 181.4028668
719 162694 (2000 UH11) 55200 0.87028308 0.422362473 32.2270887 187.3752783 29.8137888 288.2109045
720 162695 (2000 UL11) 55200 2.12292491 0.636719825 2.1882103 151.5680346 | 333.4392043 325.6487879
721 162698 (2000 UN30) 55200 2.1190302 0.487424489 20.6975577 271.7209683 66.3856755 13.4532603
722 162723 (2000 VM2) 55200 1.77441935 0.680890256 6.392293 187.2393602 | 329.9184076 | 271.2242015
723 162740 (2000 WF6) 55200 2.46230515 0.502061468 39.0621754 158.8334729 | 264.4530115 127.8687846
724 162741 (2000 WG6) 55200 2.31962084 0.497659332 11.8172383 329.8453488 60.9321743 213.0320328
725 162781 (2000 XL44) 55200 2.22717281 0.426489206 10.0411389 163.7612244 | 332.1151276 | 247.1151232
726 162783 (2000 YJ11) 55200 1.3125043 0.231641856 7.2623319 339.036754 65.0186572 30.1367925
727 162825 (2001 BO61) 55200 1.77522104 0.742136197 9.0848167 78.3753467 160.2157489 247.2071458
728 162854 (2001 DE47) 55200 1.32279413 0.149169456 21.2659093 297.7406206 | 122.4658066 1.4316987

729 162873 (2001 FB7) 55200 1.40066625 0.086400198 20.1973742 198.608935 357.9436831 97.8552621
730 162882 (2001 FD58) 55200 1.09206745 0.575278751 6.5016467 45.8592836 341.2933915 5.8030327

731 162900 (2001 HG31) 55200 2.58479424 0.530000025 6.1775667 66.8718443 36.9802296 83.9737585
732 162903 (2001 JV2) 55200 1.3047069 0.237682193 47.4851197 301.2486263 216.930344 344.7416023
733 162911 (2001 LL5) 55200 1.20458329 0.339457883 7.9466128 205.0422865 281.9698298 | 252.5014218
734 162913 (2001 MT18) 55200 1.2709638 0.519773921 8.6423487 356.0398877 170.6073448 48.5143068
735 162922 (2001 OY13) 55200 1.31807716 0.381756335 10.2976599 291.0944878 | 284.3180571 257.9093956
736 162926 (2001 OB36) 55200 2.93765847 0.619842675 42.6681158 289.1573824 | 113.0806265 212.8875078
737 162979 (2001 RA12) 55200 2.03574566 0.54526658 17.0830117 325.9814228 | 311.6710773 328.3560028
738 162980 (2001 RR17) 55200 1.55274322 0.489281347 30.4066725 351.3725459 177.6648036 | 297.0741276
739 162998 (2001 SK162) 55200 1.92547657 0.473708596 1.6786834 186.2381695 285.531992 349.8862834
740 163000 (2001 SW169) 55200 1.24841132 0.051567518 3.5548929 284.8747599 8.4748181 29.6747913
741 163001 (2001 SE170) 55200 2.12390317 0.453368117 19.9454452 124.6663486 | 216.7409859 259.1039507
742 163014 (2001 UAS5) 55200 1.78686346 0.445544647 9.9484427 27.5100914 58.7262294 140.1767276
743 163015 (2001 UX16) 55200 1.41710894 0.368224765 10.6170665 254.462458 213.4645491 267.1886178
744 163023 (2001 XU1) 55200 0.79737423 0.546273653 27.1569349 208.4957001 69.7342269 240.5661008
745 163026 (2001 XR30) 55200 1.29723754 0.365341773 11.8540482 294.3009728 | 247.9745492 103.2069404
746 163051 (2001 YJ4) 55200 2.27602715 0.566529107 9.2338884 322.0660464 | 248.1097572 94.1634188
747 163067 (2002 AP3) 55200 2.04073504 0.589621754 7.5970565 117.5502617 87.5530407 232.3999393
748 163070 (2002 AO7) 55200 2.92235742 0.633388096 14.6674829 237.9430897 280.6422799 194.6242347
749 163081 (2002 AG29) 55200 1.08709269 0.203376517 11.4925152 43.8076359 212.949295 262.2675414
750 163132 (2002 CU11) 55200 1.22014466 0.295438171 48.7748262 110.624332 157.784779 238.3421497
751 163191 (2002 EQ9) 55200 1.83641072 0.463951832 16.3032238 44.1083598 179.2436673 30.807153

752 163243 (2002 FB3) 55200 0.7614624 0.60185446 20.2725866 148.2528241 203.6495117 20.9777958
753 163249 (2002 GT) 55200 1.34455849 0.334932209 6.9682596 134.9668589 | 201.8720058 | 245.6792096
754 163250 (2002 GH1) 55200 2.69096805 0.539129232 34.9991726 350.9582902 170.3222972 274.8551788
755 163252 (2002 GD11) 55200 2.13089588 0.439712269 8.9994855 200.8729532 95.7079067 139.5913196
756 163295 (2002 HW) 55200 2.47199985 0.640253164 5.8268042 76.8938856 33.0383739 8.3470844

757 163335 (2002 UJ) 55200 1.32792883 0.667251233 56.2900151 155.6052528 | 247.0769867 291.0898095
758 163348 (2002 NN4) 55200 0.87661342 0.434343333 5.415679 222.225756 259.5806647 199.2946993
759 163364 (2002 OD20) 55200 1.36415417 0.36896013 4.1748939 274.9207595 | 260.1454885 347.494943
760 163373 (2002 PZ39) 55200 1.46977202 0.546629928 1.663138 259.2310644 | 329.7359246 87.1399399
761 163412 (2002 RV25) 55200 1.90713956 0.450539666 34.5027099 46.0899893 18.2233822 253.8151192
762 163454 (2002 RN129) 55200 1.16210676 0.369881312 23.1290138 198.5390848 332.168223 128.7756974
763 163667 (2002 WC1) 55200 2.57331835 0.579224122 4.6445496 81.402838 42.581529 244.2004265
764 163679 (2002 XG84) 55200 1.49504292 0.471644758 5.0594067 349.6036445 29.8498028 336.5396962
765 163683 (2002 YP2) 55200 1.57746651 0.688413055 20.6119598 281.2027812 52.6875314 224.2950296
766 163691 (2003 BB43) 55200 2.41331807 0.523170329 40.9163941 60.5661361 149.1279814 | 288.8946238
767 163692 (2003 CY18) 55200 1.52606683 0.41058155 7.1982724 180.7699397 114.4665154 133.4167699
768 163693 Atira 55200 0.74105598 0.322149656 25.6179993 252